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Abstract 

Cytomegalovirus (CMV) is a ubiquitous DNA virus with strict host-species specificity and the ability 

to cause lifelong infection. CMV infection remains a significant challenge in immunocompromised and 

transplant patients, as well as in individuals infected as embryos during pregnancy. The T-cell 

compartment of the adaptive immune system, in particular the cytotoxic T lymphocytes play an 

important role in the control of cytomegalovirus infection. Hence, their dysregulation upon 

immunosuppression in transplant recipients frequently results in CMV disease. Adoptive 

immunotherapy with CMV-specific T cells to target the root cause of disease is intensively explored in 

experimental and clinical settings.  

This study has focused on the development of an experimental in vivo model to test the long-term 

outcome of adoptive immunotherapy with CMV specific T-cells. Recombinant murine CMVs (MCMV) 

expressing immunodominant epitopes in various gene contexts were generated. Immunodeficient mice 

were infected with recombinant MCMV expressing the ovalbumin epitope SIINFEKL in the context of 

the immediate early 2 gene (MCMVIE2SIINFEKL) and their survival upon adoptive transfer of OT-I cells 

recognizing the SIINFEKL epitope was compared to mice infected with wild-type MCMV, lacking the 

target epitope. While wild-type virus rapidly killed the mice, MCMVIE2SIINFEKL did not. However, the 

immune protection was transient, because the mice succumbed by 4-6 weeks post infection, and high 

virus titers were observed at this time. Similarly, temporary immune protection was observed upon 

infection of gBT-I TCR-transgenic mice on a RAG2-/- background with recombinant MCMVs 

expressing the cognate epitope (SSIEFARL), suggesting that even an unlimited supply of antigen-

specific CD8 T cells could not protect the hosts. While T-cell exhaustion was not formally excluded as 

cause of poor immune control and death, sequencing of MCMV genomes from organs of infected mice 

identified epitope-deleterious mutations in the vast majority of viral genomes. These results indicated 

that selection pressure induced immune escape mutations of the recombinant MCMVs which might 

have explained the inability of T-cells to ensure long-term survival.  Furthermore, the epitope-mutated 

viral isolates were much more virulent than the parental virus upon reinfection of gBT-I×RAG2-/- TCR-

transgenic mice, validating that immune escape caused disease and fatalities.  

To optimize T-cell protection by simultaneous targeting of multiple epitopes in a test system, I 

generated a mutant MCMV expressing the SSIEFARL epitope in two distinct locations (MCMVIE2SL-

M45SL). gBT-I×RAG2-/- TCR-transgenic mice infected with this recombinant virus showed long-term 

survival and fewer immune escape mutations deleting the SSIEFARL peptide in both ie2 or M45 genes, 

while MCMV mutants expressing the epitope only once in either location mutated and killed all mice 

within 10 weeks upon infection. Taken together, this study demonstrates the first firm evidence of 

immune escape of T-cell recognition by cytomegalovirus and underscores the approach of using 

multiple viral targets for T-cell immunotherapy of CMV disease in order to preempt the emergence of 

mutants that escape T-cell recognition. 
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Zusammenfassung 

Das Zytomegalievirus (CMV) ist ein ubiquitäres DNA-Virus mit strikter Spezifität für die Wirtsspezies 

und der Fähigkeit lebenslange Infektionen zu verursachen. CMV-Infektionen sind eine signifikante 

Bedrohung für immungeschwächte Patienten und Transplantatempfänger, sowie für ungeborene 

Kinder. Das T-Zellkompartiment des adaptiven Immunsystems, insbesondere die zytotoxischen T-

Lymphozyten spielen eine wichtige Rolle bei der Kontrolle der CMV-Infektion. Daher führt eine 

Dysregulation der T-Zellantwort durch Immunsuppression in Transplantatempfängern oft zu CMV-

assoziierten Krankheiten. Die adoptive Immuntherapie mit CMV-spezifischen T-Zellen, um den 

Ursprung dieser Krankheiten zu bekämpfen wird intensiv experimentell und im klinischen Rahmen 

evaluiert. 

Diese Studie fokussierte auf die Entwicklung eines experimentellen in vivo-Modells, um die 

Langzeitwirkung einer adoptiven Immuntherapie mit CMV-spezifischen T-Zellen zu testen. 

Rekombinante murine CMV (MCMV), die immundominante Epitope in verschiedenen genetischen 

Kontext exprimieren, wurden erstellt. Immundefiziente Mäuse wurden mit rekombinanten MCMV 

infiziert, die das Ovalbuminepitop SIINFEKL im Kontext des viralen „immediate early 2“-Gens 

exprimieren (MCMVIE2SIINFEKL). Ihr Überleben nach adoptiven Transfer von OT-I T-Zellen, welche das 

SIINFEKL-Epitop erkennen, wurde verglichen mit dem von Mäusen, die mit Wildtyp-MCMV ohne 

dieses Epitop infiziert waren. Während das Wildtyp-Virus die Mäuse schnell tötete, war dies mit 

MCMVIE2SIINFEKL nicht der Fall. Allerdings war dieser Immunschutz transient, da diese Mäuse der 

Infektion nach 4-6 Wochen erlagen und hohe zu diesem Zeitpunkt Virustiter zeigten. Ein ähnliches Bild 

zeigte die Infektion von gBT-I T-Zellrezeptor (TCR) transgenen Mäusen mit einem RAG-/- 

Hintergrund, die mit rekombinanten MCMV infiziert wurden, welche das passende Epitop exprimieren 

(SSIEFARL). Dies legt nahe, dass selbst ein unbegrenzter Nachschub Antigen-spezifischer T-Zellen 

den Wirt nicht schützen können. Während eine „T-Zellerschöpfung (T cell exhaustion)“ als Ursache 

für eine geschwächte Immunkontrolle und T-Zelltod nicht formal ausgeschlossen werden konnte, 

identifizierte die Sequenzierung der MCMV-Genome aus Organen infizierter Mäuse Epitop-

zerstörende Mutationen in einem Großteil der viralen Genome. Dies Ergebnisse deuten darauf, dass der 

Selektionsdruck das Wachstum von Immunflucht-Mutanten des rekombinanten MCMV bevorzugt. 

Dies kann erklären, warum Epitop-spezifische T-Zellen das Langzeit-Überleben der Infektion nicht 

ermöglichen können. Im Weiteren wurde festgestellt, dass Epitop-mutierte virale Isolate wesentlich 

virulenter als das Parentalvirus bei Re-Infektion von gBT-I x RAG2-/- TCR-transgenen Mäusen waren. 

Dies validiert die These, dass Immunflucht Krankheit und Tod in den Mäusen verursacht. 

Um T-Zell-vermittelten Schutz durch das simultane Abzielen auf mehrere Epitope in einem Testsystem 

zu optimieren, habe ich eine MCMV-Mutante generiert, die das SSIEFARL-Epitop von zwei 

verschiedenen genetischen Loci exprimiert (MCMVIE2SL-M45SL). gBT-I x RAG2-/- TCR-transgene 
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Mäuse, die mit diesem rekombinanten Virus infiziert wurden, zeigten längere Überlebenszeiten und 

weniger Immunfluchtmutationen, die das SSIEFARL-Peptid zerstörten, in beiden Loci. Im Gegensatz 

dazu mutierten MCMV-Mutanten, die das Epitop in nur einem Locus kodierten, und töteten alle 

infizierten Mäuse innerhalb von 10 Wochen. Zusammen genommen demonstriert diese Studie die 

ersten festen Beweise für Immunflucht vor T-Zellerkennung durch das Zytomegalievirus. Sie 

unterstreicht die Wichtigkeit des Ansatzes in der T-Zellimmuntherapie gegen CMV auf mehrere virale 

Epitope abzuzielen und damit präventiv dem Aufkommen viraler Mutanten, die der T-Zellkontrolle 

entkommen, entgegenzutreten.  
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1. Introduction 

1.1 Herpesviruses 

The International Committee on Taxonomy of Viruses (ICTV) classifies herpesviruses in the order 

Herpesvirales (M.Q. and King, 2012; Taxonomy). Herpesviruses are further classified into three 

families; Alloherpesviridae, which consists of viruses of bony fish, Herpesviridae that consist of viruses 

whose natural hosts are mammals, birds and reptiles, and Malacoherpesviridae, which contains viruses 

of invertebrates (Davison et al., 2013). The family Herpesviridae has three subfamilies; the 

Alphaherpesvirinae (genera Simplexvirus e.g. Herpes simplex virus-1, Varicellovirus e.g. Varicella 

zoster virus, Scutavirus e.g. Chelonid alphaherpesvirus 5, Mardivirus e.g. Marek's disease virus, and 

Iltovirus e.g. Gallid herpesvirus-1), Betaherpesvirinae (genera cytomegalovirus e.g. human 

cytomegalovirus, Muromegalovirus e.g. murine cytomegalovirus, and Roseolovirus e.g. Human 

Herpesvirus-7) and Gammaherpesvirinae (genera- Lymphocryptovirus e.g Epstein Bar virus and 

Rhadinovirus e.g. Human herpesvirus-8) (Davison, 2002; M.Q. and King, 2012; Roizman and Pellett, 

2001). The common features among the three subfamilies are the large double stranded DNA genomes 

that replicate in the cell nucleus and the ability to cause lifelong latent infection in their respective hosts 

(Edward S. Mocarski and Courcelle, 2001).  

1.2 Cytomegalovirus general overview 

Cytomegalovirus (CMV) is the prototype of the subfamily Betaherpesvirinae and is characterized by 

the largest known viral genome in mammals and by the co-evolution with the natural hosts (Davison et 

al., 2013). Due to strict host specificity, the human cytomegalovirus (HCMV) can only infect and cause 

infection in humans, but not in other primate or non-primate hosts (Weller, 1970). Similarly, non-human 

CMVs like the mouse cytomegalovirus (MCMV) cannot replicate in human hosts. This restriction may 

be a consequence of the many years of virus-host co-evolution, resulting in the adaptation of the virus 

to the host immune system. However, inter-species cell infectivity by different CMV species can occur, 

although the productive virus replication is severely inhibited (Schumacher et al., 2010).  

CMV infection requires that the viruses attach to host receptors located on the plasma membrane, 

facilitating virus entry into cells. Upon entry into permissive cells, lytic viral genes are expressed, which 

results in productive virus cycle and culminates by generation of new infectious virus particles in cell-

lytic manner. Alternatively, the viral genome is episomally maintained in a replication quiescent state 

referred to as latency (Goodrum et al., 2012). The primary CMV infection typically results in mild or 

non-specific symptoms in healthy hosts, as the productive infection is cleared by the immune system 

within days (Edward S. Mocarski and Courcelle, 2001). Symptomatic cytomegalovirus infection may 
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be characterized by three distinct clinical conditions, namely congenital cytomegalovirus infection, a 

mononucleosis-like syndrome and cytomegalovirus infection in severely immunocompromised 

individuals (Boeckh and Geballe, 2011; Whitley, 1996). Congenital cytomegalovirus infection accounts 

for approximately 1% of all live births (Manicklal et al., 2013) and in approximately one tenth of 

infected children manifests as a symptomatic congenital cytomegalic inclusion disease, where severe 

outcomes may include hepatosplenomegaly, retinitis, purpuric skin rash and impaired hearing (Whitley, 

1996). Both CMV and Epstein-Barr virus (EBV) infections result in mononucleosis syndrome but 

absence of antibodies against EBV nuclear or capsid antigens helps distinguish the two. CMV 

mononucleosis syndrome is characterized by malaise, fever, atypical lymphocytosis and pharyngitis 

(Whitley, 1996). CMV infection in severely immunocompromised individuals is associated with life-

threatening inflammatory disease mainly affecting the lungs, the gastrointestinal tract, the liver or the 

retina (Whitley, 1996). 

As is typical of all herpesviruses, the immune system may only clear the productive infection, but the 

virus remains in the host for life by establishing a state of dormancy, referred to as latency (reviewed 

in (Reeves and Sinclair, 2008)). Maintaining the virus in the latent state requires a dynamic equilibrium 

between the host immune system and the virus gene expression (Seckert et al., 2012). This balance 

ensures that host does not suffer from virus-induced pathogenesis, while at the same time allowing the 

virus to persist in the host. The manifestation of this symbiotic relationship is the host-induced 

repression of virus proliferation and maintenance of latency (Seckert et al., 2012). However, the low 

level of transcriptional activity in latency (Grzimek et al., 2001; Kurz et al., 1999) continuously 

stimulates the host immune system (Holtappels et al., 2000; Karrer et al., 2003)  thereby ensuring host 

readiness to quell secondary transcriptional events (Simon et al., 2006). Certain triggers, like host 

immune suppression (Reddehase et al., 1985) and inflammatory stress (Cook et al., 2006) disrupt this 

equilibrium resulting in virus reactivation from latency. Reactivation results in productive infection, 

which – if not controlled – can cause organ-specific diseases or mortality. Clinical interventions to limit 

virus shedding and disease include antiviral drugs, but toxicity of antivirals limits their use (Biron, 

2006; Peggs, 2009).  In the next sections, I address select aspects of CMV biology and clinical 

interventions, limited to the scope of this thesis.  

1.2.1 Virion structure  

Among herpesviruses, cytomegaloviruses are the largest in terms of the size of genetic material 

(Davison and Clements, 2010; Davison et al., 2013). The chimpanzee cytomegalovirus (CCMV) has 

the largest genome at approximately 240kbp while the human cytomegalovirus (HCMV) and mouse 

cytomegalovirus (MCMV) genomes are 235kbp and 230kbp respectively (Chee et al., 1990; Davison 

et al., 2013; Rawlinson et al., 1996; Sinzger et al., 2008b). The virion size is 150-200nm in diameter 

and consists of a 100nm icosahedral capsid containing the double stranded DNA genome (see figure 
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1.1). The core of the virion contains the capsid carrying the double stranded DNA, which is surrounded 

by the amorphous tegument or matrix that consists mainly of phosphoproteins. The virion outer layer 

is made up of lipid bilayer termed the envelope that forms a complex of many glycoproteins, which aids 

in virus entry into host cells (Edward S. Mocarski and Courcelle, 2001).  

 

 

Figure 1.1 Structure of HCMV virion showing the different compartments of the viral particle.  

The outer layer is made up of the envelope with associated glycoproteins. Tegument is beneath the envelope and contains the 

tegument proteins. The nucleocapsid forms the core of the virion and contains the double stranded DNA genome. Adapted 

from (Caposio et al., 2013) 

1.2.2 Genome Organization 

The genomes of herpesviruses may vary in their arrangement of repeated sequences in relation to 

the unrepeated (unique) sequences and in their orientation (see figure 1.2). Different formats of this 

genome arrangement exist among members of the Betaherpesvirinae (Davison et al., 2013). The 

simplest arrangement consists of the unique sequence (U) flanked by two terminal repeat (TR) 

regions in the same (direct) orientation, and this was observed for instance in MCMV, rat 

cytomegalovirus (RCMV), and guinea pig cytomegalovirus (GPCMV), while a more complex 

genome arrangement is observed in HCMV and CCMV, consisting of a long and a short unique 

sequence (UL and US). In laboratory strains of HCMV, UL and US regions are each flanked by 

terminal and internal repeats in an inverted orientation (TRL and IRL flanking UL and TRS and IRS 

flanking US) with a generalized format TRL-UL-IRL-IRS -US-TRS (Davison et al., 2013). In clinical 

HCMV strains and in CCMV, the IRL region is absent and the UL region is longer (Murphy and 

Shenk, 2008; Murphy et al., 2003). For historical reasons and to keep genomic nomenclature 

consistent, the TRL region is renamed RL in these strains (Murphy et al., 2003). The TR and IR 

regions are flanked by direct a repeat sequence, whose homologous recombination shuffles the 
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orientation of UL and US regions into 4 possible isomeric conformations that are equimolarly 

distributed in virus populations.    

The CMV genome exhibits two conformations dependent on the physiological state of the virus. Cell-

associated viral genomes have a circular double-stranded DNA conformation, but the genomes that are 

packaged into viral particles are cleaved by the terminase complex to adopt a linear conformation 

(Tamashiro and Spector, 1986). A single unpaired nucleotide on each end of the DNA genomes 

facilitates genome circularization before replication. CMV genome replication occurs in a rolling circle, 

generating concatemers of the template DNA instead of separate replicons. Finally, the concatenated 

DNA is cleaved into single-genome lengths and packaged into preassembled viral capsids (Marks and 

Spector, 1984; McVoy and Adler, 1994).  

 

Figure 1.2 General overview of CMV genome structure.   

Horizontal lines and rectangles denote unique regions (U) and repeated regions respectively. Genome type A is the most 

common genome arrangement where unique region is flanked by terminal repeats (TR). Alternatively, the unique region is 

flanked by direct and indirect terminal repeats of various sizes (B).  Genome type C denotes more complex genomes where 

the unique long (UL) region is flanked by long terminal repeats, and long inverted repeats while unique short (US) region is 

flanked by short inverted repeats (IRS) and short terminal repeats (TRS). Adapted from (Davison et al., 2013) 

The replication origin, oriLyt, of HCMV is located within the UL region. Various repeated elements 

and transcription factor binding sites form the core of oriLyt (Anders et al., 1992). The major immediate-

early promoter/enhancer is located in the UL region and is a site for transcription regulation. By 

convention, numbering of CMV genome ORFs is from left to right. This format applies to both clinical 

strains (minimally passaged in cell culture) and laboratory strains (extensively passaged in cell culture). 

Thus, genes of a typical clinical strain are named RL1-14, followed by UL1-151, IRS1, US1-34 and 

TRS1 (Murphy and Shenk, 2008). Similarly, the laboratory strain AD169 has similar nomenclature of 

the ORFs (see figure 1.3). Conserved ORFs amongst species are designated with capital letter (e.g., 

M44, R44) while small letters designates ORFs that are not conserved between different species (e.g., 

m144, r144) (Edward S. Mocarski and Courcelle, 2001).  
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Proteins encoded by the ORFs serve different functions in the virus lifecycle from the initial point of 

virus integration into host cell, host immune modulation, viral gene expression and DNA replication to 

viral particles assembly and dissemination. Over 200 open reading frames (ORFs) have been predicted 

in HCMV genome (Chee et al., 1990; Dunn et al., 2003; Murphy et al., 2003). The exact number of 

ORFs varies between clinical and laboratory strains or due to discrepancy in technologies used to 

identify the protein coding sequences. 

 

Figure 1.3 The organization of HCMV open reading frames.  
ORFs of typical clinical strain (top map) and laboratory strain (bottom map) are numbered from left to right and the arrows 
indicate orientation of the genes. Adapted from (Murphy and Shenk, 2008) 

The most important and thus evolutionary conserved ORFs amongst herpesviruses are located in the 

central region of the genome and constitute the core genes required for DNA replication and assembly 

of virus particles (Murphy and Shenk, 2008). HCMV has 40 such core genes located in the UL region 

(see figure 1.3). The terminal region including US contains genes that define species specificity amongst 

herpesviruses as a result of divergent evolution of herpesviruses (Murphy and Shenk, 2008). For 

example, the HCMV RNA, β2.7 encoded in this region confers anti-apoptotic function to HCMV in an 

infected cell through its interaction with mitochondrial respiratory complex I, thus maintaining ATP 

production late into infection (Reeves et al., 2007). This function has not been characterized in other 

herpesviruses. Additionally, genes located in the terminal regions are dispensable for replication in cell 

culture but are important for in vivo growth, because many among them are immune evasion genes 

(Čičin-Šain et al., 2007; Murphy and Shenk, 2008). Alteration of these ORFs e.g., by gene duplication 

gives rise to gene families. e.g., UL12 family that consist of contiguous genes US12-US21 (Lesniewski 

et al., 2006).  

Clustering of genes that have similar function is also common in CMV genomes e.g., UL36-38 encode 

anti-apoptotic proteins (McCormick, 2008). Similarly, genes with related functions frequently, but not 

always, cluster together. For instance, UL128-131 are important for virus entry into epithelial and 

endothelial cells (Wang and Shenk, 2005b) because they are part of the same molecular complex on the 

virion surface (Ryckman et al., 2008). Similarly, HCMV US2, US3, US6 and US11 are immune evasion 

genes that interfere with antigen presentation to T cells (Powers et al., 2008).  
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HCMV’s UL123 and UL122 (alternatively termed IE1 and IE2) whose gene products p72 and p86 

respectively are regulatory proteins derived from alternate splicing of a single transcript (exons 1-4 and 

1-3, plus 5 respectively) from the major immediate early promoter (MIEP) (Keil et al., 1987; Messerle 

et al., 1992; Stenberg et al., 1984; Stenberg et al., 1985). The homologues of these genes in MCMV 

(ie1 and ie3) are derived from alternate splicing of a single transcription unit from exons 1-4 (IE1) and 

exons 1-3 & 5 (IE3) (Keil et al., 1987; Messerle et al., 1992; Stenberg et al., 1984; Stenberg et al., 

1985).  The MCMV ie2 gene is generated from a distinct transcription unit consisting of three exons in 

opposite orientation to the transcription unit encoding IE1/IE3 (Busche et al., 2008; Messerle et al., 

1991).  

1.2.3 Variation among CMV strains 

Different strains of a particular CMV species exhibit a great extent of genome-wide sequence similarity 

but there are certain regions within the genome that shows substantial variations (Murphy and Shenk, 

2008). These variations, commonly referred to as hyper-variable regions are often localized in protein 

coding sequences e.g., UL146 and UL74 genes or non-protein coding sequences (Bale Jr. et al., 2001; 

Hassan-Walker et al., 2004; Pignatelli et al., 2003; Pignatelli et al., 2004; Stanton et al., 2005). Since 

the hyper-variable regions are mainly found in secreted proteins or membrane glycoproteins it is 

possible that the variations are as a result of selection pressure. Nevertheless, compared to RNA viruses 

these variations are relatively stable (Stanton et al., 2005). Variability between HCMV strains can also 

result from adaptation to in vitro growth. For example, serial passage of clinical isolates in cultured 

fibroblast alters their biological and genomic properties through loss of key gene functions (Murphy 

and Shenk, 2008). Thus, such strains get selected for replication in fibroblast and lose the ability to 

efficiently infect and replicate in other cell types like epithelial cells, endothelial cells and monocytes 

derived cells like macrophages. Mutation of certain ORFs like alteration of glycoprotein complex (gH-

gL-pUL128-pUL130-pUL131) that is important for virus entry into host cells is linked to cell-specific 

growth adaptation (Wang and Shenk, 2005a). Such virus is no longer considered a clinical strain but 

rather a laboratory strain. As such, laboratory strains become selected for rapid in vitro growth in 

fibroblast and are routinely used for large-scale virus production or for gene function studies (Murphy 

and Shenk, 2008). 

1.3 CMV lifecycle and regulation of gene expression 

CMV lifecycle is characterized by temporal expression of viral genes in a cascade that results in the 

synthesis of proteins categorized into three phases; the immediate early (IE), early (E) and late (L) 

phases (reviewed in (Griffiths and Grundy, 1987)). Wathen & Stinski observed that expression of the 

immediate early proteins does not require de novo protein synthesis. Thus, IE mRNA can be transcribed 

in the presence of inhibitors of protein synthesis like cycloheximide. (Griffiths and Grundy, 1987; 

Wathen and Stinski, 1982). The IE genes e.g., UL123/IE1 and UL122/ IE2 are expressed a few hours 
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after HCMV entry into cells. The gene product UL123/IE1 has immunomodulation functions and 

counteracts viral gene silencing by PML bodies (Nevels et al., 2004), whereas the UL122/IE2 serves as 

trans-activator of early genes expression (Meier and Stinski, 2013). The early gene expression initiates 

at 4-8 hours post infection (p.i), and occurs in absence of viral DNA replication followed by the late 

gene expression. Gene products of the early phase are important for host immune modulation as well 

as facilitating expression of the late phase proteins and viral DNA replication. Late proteins are mainly 

structural proteins (reviewed in (Griffiths and Grundy, 1987)). 

At early time points after HCMV infection, the host mounts defense mechanism targeting incoming 

HCMV genomes in an attempt to silence viral DNA transcription. The interplay between cell-intrinsic 

antiviral defense mechanisms through transcription-repressive DNA chromatinization and viral 

regulation of gene expression is the hallmark of the lytic lifecycle of CMV infection (Thomas et al., 

2013). Epigenetic regulation of gene expression occurs in a subnuclear structure termed nuclear domain 

10 (ND10) (Maul, 1998). Three major components of ND10 domain, PML, hDaxx and Sp100 together 

with chromatin-remodeling factor ATRX act as host restriction factors that collectively repress 

transcription by targeting the immediate early gene expression (Adler et al., 2011; Groves et al., 2009; 

Saffert and Kalejta, 2006; Tavalai et al., 2008). The hDaxx protein induces a transcription inactive 

chromatin state around MIEP sequences resulting in silencing of HCMV IE gene expression (Kim et 

al., 2011; Woodhall et al., 2006). Additionally, recruitment of histone deacetylase (HDAC) activity by 

hDaxx to MIEP sequences results in deacetylation of H3/H4 making the promoter inaccessible to 

transcription (Lukashchuk et al., 2008). PML interacts with HDAC and histone methyltransferases (Wu 

et al., 2001) while Sp100 interacts with heterochromatin protein HP1 (Seeler et al., 1998) indicating 

that both proteins may mediate an intrinsic immune response to HCMV infection through repression of 

the immediate early genes expression. To antagonize host-intrinsic antiviral defense mechanism, 

HCMV encodes tegumental proteins that interfere with the recruitment of functional ND10 domain. 

The HCMV structural protein pp71 induces dissociation of ATRX from ND10 and subsequently 

inactivate deacetylation of histones around MIEP sequences by promoting proteasomal degradation of 

hDaax (Lukashchuk et al., 2008; Saffert and Kalejta, 2006). Additionally, both IE1 and IE2 abrogate 

the transcriptional repression effect of PML and ultimately lead to the disintegration of ND10 domain 

around the MIEP sequences (Ahn and Hayward, 1997; Lee et al., 2004). This ensures transcription 

accessibility of MIEP that in turn promotes the expression of IE proteins IE1/p72 and IE2/p86. In 

addition, IE1 and IE2 act as trans-activators of early and late gene expression in subsequent stages of 

the temporal expression of HCMV genome by sequestering HDAC away from promoter sites of early 

and late genes (Nevels et al., 2004). This temporal and well-regulated expression of genes marks the 

lytic phase of CMV’s lifecycle.  

Primary HCMV infection in a healthy host is efficiently cleared and virus replication is inhibited. 

However, the viral genome may also be maintained as episomal DNA in some cells, where productive 
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infection can ensue if the replication repressive state is disrupted, a phenomenon called reactivation 

from latency. Collectively, this is the latent phase of CMV infection.   

1.4 Cytomegalovirus latency and reactivation 

As is true for all herpesviruses, CMV establishes lifelong infection. Therefore, in healthy individuals, 

the productive phase of virus replication is efficiently cleared within a few days, but CMV remains in 

the body in a quiescent state known as latency (reviewed in (Reeves and Sinclair, 2008)). HSV1 and 

CMV latency is marked by long-term persistence of viral genomes in infected cells in absence of lytic 

replication but with capacity to initiate productive replication (reactivation). Even though CMV can 

infect a wide range of cell types, only few are sites of latent CMV genomes. These may include CD34+ 

cells in the bone marrow that are progenitors of myeloid cells e.g. monocytes and dendritic cells, but 

also endothelial cells in the mouse model of infection (Koffron et al., 1998; Reeves and Sinclair, 2008; 

Seckert et al., 2009). However, it is still not clear whether CMV establishes true latency in monocytes 

or if it transiently infects these cells and reactivates upon their differentiation into the different myeloid 

derived cells in a process that to would facilitate systemic viral dissemination. Thus, bone marrow 

derived cells are considered a potential site for CMV carriage since it was observed in early studies that 

transmission of CMV through transfusion of blood from CMV positive donors to CMV negative 

recipients could be prevented by depletion of leukocytes before transfusion (Gilbert et al., 1989). 

Expression of viral genes is restricted during latency but certain latency-associated transcripts have 

been described in in vitro models of HCMV reactivation (Goodrum et al., 2002). Similarly, latency 

associated MCMV transcripts were observed from lungs of latently infected mice (Kurz et al., 1999), 

although they were mostly low level transcripts of ie1 and ie2 genes (Grzimek et al., 2001). In HCMV 

latency in myeloid cells, reactivation of latent virus occurs following terminal differentiation of 

progenitor cells to dendritic cells and macrophages (Maciejewski and St Jeor, 1999; Reeves et al., 2005). 

Certain factors can trigger reactivation of CMV from latency and initiation of productive infection. 

These factors include iatrogenic immune suppression of transplant recipients, pathogen induced 

immunosuppression in Acquired Immunodeficiency Syndrome (AIDS) or other triggers like septic 

conditions and inflammatory responses (Marandu et al., 2019; Reddehase et al., 2008). Thus, even 

though CMV infection is asymptomatic in individuals with competent immune systems, reactivation is 

a major clinical challenge in individuals with weakened immune system. 

1.5 CMV cell entry and tropism 

HCMV can infect almost all human cells and tissues (Nguyen and Kamil, 2018; Sinzger et al., 2008a). 

For a cell to be considered permissive for productive infection virus entry into cells must be followed 

by replication. Permissive cell types for in vitro HCMV infection include dendritic, endothelial, 

epithelial, smooth muscle, fibroblasts and macrophages. (Myerson et al., 1984; Sinzger et al., 2008a). 
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Since viruses can only reproduce inside living cells, entry into host cells to deliver their genome is 

essential for their replication. HCMV entry into cells is a complex process requiring the interaction of 

multiple envelope glycoproteins with cellular receptors like epidermal growth factor receptor (EGFR), 

platelet-derived growth factor receptor alpha (PDGFRα) and heparan sulfate proteoglycans (HSPG) 

(Nguyen and Kamil, 2018). Over fifty glycoproteins are encoded in HCMV genome but only six are 

essential for in vitro HCMV replication (Nguyen and Kamil, 2018). These are glycoprotein B (gB; 

UL55), gM/gN (UL100/UL73), and gH/gL (UL75/UL115) and UL116 (Nguyen and Kamil, 2018). 

Glycoprotein B has been reported to bind to the EGFR, PDGFRα and integrins thus enabling virion 

attachment and fusion with plasma membrane (Feire et al., 2010; Soroceanu et al., 2008; Wang et al., 

2003) Glycoprotein M in complex with gN acts as an attachment receptor interacting with HSPG on 

the cell surface (Kari and Gehrz, 1992; Mach et al., 2000). Glycoprotein H serves as a fusion receptor 

while gL functions as a chaperone to facilitate localization of gH (Huber and Compton, 1997). The 

gH/gL heterodimer can either form a complex with pUL74/gO (gH/gL/gO) or with pUL128, pUL130 

and pUL131 (gH/gL/UL128/UL130/UL131) to form cell-entry complexes referred to as trimer and 

pentamer respectively (Huber and Compton, 1998; Wang and Shenk, 2005b). Alternatively, gH was 

reported to form complex with pUL116 (gH/UL116) independently from gL (Caló et al., 2016). The 

PDGFRα and neuropin-2 (Nrp2) are the cellular receptors for the HCMV virion trimer and pentamer 

complexes respectively (Kabanova et al., 2016; Martinez-Martin et al., 2018; Wu et al., 2017). The 

pentamer complex is responsible for epithelial and endothelial cells restricted tropism of HCMV clinical 

strains (Wang and Shenk, 2005a). In contrast, growth of the laboratory strains AD169 and Towne is 

restricted primarily to fibroblasts due to mutation in UL128-131 locus as a result of extensive passage 

in these cells (Wang and Shenk, 2005a).  

1.6 The immune system  

Vertebrates’ immune system is divided into the innate and the adaptive branches of the immune system. 

The innate immune system provides the initial defense mechanism against invading pathogens. It is 

characterized by a rapid, but unspecific response to pathogens like bacteria, parasites and viruses. The 

principal components of innate immune system, beyond the physical and chemical barriers (such as 

epithelia and its associated antimicrobial deterrents), are the phagocytic cells such as neutrophils and 

macrophages, dendritic cells, mast cells, natural killer (NK cells) and other innate lymphoid cells as 

well as blood proteins, including components of the complement system (Abbas et al., 2018). The innate 

immune response combats pathogens by direct killing action of phagocytes or by recruiting immune 

cells and their secretions to the site of infection in the process called inflammation (Abbas et al., 2018). 

The molecular basis of the innate immune response involves detection of the pathogens by innate 

defense mechanism followed by complex signaling cascades that lead to secretion of interferons and 

proinflammatory cytokines. This leads to the activation of the cellular components of the innate immune 

system whose overall effects is to limit dissemination of the pathogens.  
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In contrast, the adaptive immune system responds to pathogens in a specific manner. Lymphocytes and 

their products are the sensing and the effector components of the adaptive immune system. The principal 

features of the adaptive immunity are (1) specificity for a wide variety of pathogens, (2) diverse 

repertoire capable of recognizing a wide variety of antigens (3) memory of antigen exposure and (4) the 

ability to discriminate between foreign and self-antigens (Abbas et al., 2018). Thus, cells of the adaptive 

immune system have the capability to recognize a broad-spectrum of pathogens due to their intrinsic 

ability to generate a wide variety of antigen recognizing molecules. This robust immune protection 

potential is further strengthened by the ability to remember previously encountered pathogens and 

mount a more potent secondary immune response. Additionally, adaptive immune system is able to 

discriminate between healthy and transformed cells e.g., tumorous cells (Abbas et al., 2018). 

1.7 Innate immune response to cytomegalovirus   

The innate immune response is the first line of defense against pathogens and provides a rapid response 

that is critical in conferring antiviral state to cells before the recruitment of the adaptive immune 

response. Thus, at the initial stage of virus entry into a cell, Toll like Receptors (TLRs), a class of pattern 

recognition receptors (PRR) found on intracellular vesicles or on the cell membrane, senses the 

incoming virion through recognition of structural motifs on the virion surface or by the recognition of 

other pathogen-associated molecular patterns (PAMPs). Other PRRs include cyclic GMP-AMP 

synthase- stimulator of interferon genes (cGAS–STING) and retinoic acid-inducible gene I (RIG-I) 

(Janeway and Medzhitov, 2002). The term PAMPs collectively refers to the unique molecular structures 

in the pathogen like for instance lipopolysaccharides, unmethylated CpG DNA, or dsRNA, which help 

distinguishing the pathogen from the host (Janeway and Medzhitov, 2002). For instance, HCMV 

glycoproteins B and H are recognized as PAMPs since they can activate innate immune response 

(Boehme et al., 2006; Yurochko et al., 1997).  

The engagement of TRLs, STING or RIG-I serves as a stimulus for the activation of interferon 

regulatory factors (IRFs) and nuclear factor-kappa B (NF-κB), key transcription regulators of 

inflammatory responses. The activated form of NF-κB is generated after phosphorylation and 

degradation of its inhibitor, the inhibitor of NFκ-B proteins (IκBs). The active form of NF-κB 

translocate from the cytoplasm into the nucleus where together with other IRFs it induces the expression 

of interferons (Navarro et al., 1998; Preston et al., 2001; Yurochko et al., 1995). Similarly, sensing of 

HCMV by PRR leads to activation of IRF-3 signaling cascade (Boehme et al., 2006; Navarro et al., 

1998). The transcription factor IRF-3 is activated via phosphorylation by cellular kinases IKK and 

TBK1 (Fitzgerald et al., 2003; Sharma et al., 2003). The phosphorylated form of IRF-3 translocates 

from the cytoplasm into the nucleus and binds to p300/CREB binding protein (CBP) to induce 

expression of ISGs and interferon-β (Suhara et al., 2002) in concern with the aforementioned NF-kB. 

Interferons are subdivided into three groups, type I (IFN-α, and IFN-β), type II (IFN-γ) and type III 
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(IFN-λ) in dependence of the receptor that they bind to on target cells (Schneider et al., 2014). The 

interferon stimulated genes, induced in response to IFN confer antiviral state to cells thereby limiting 

virus dissemination. All IFN receptors activate Janus kinases and signal transducers and activators of 

transcription (JAK-STAT) pathway that ultimately induce expression of additional ISGs like IRF-7 

(Ivashkiv and Donlin, 2014). IRF-7 in complex with IRF-3 drives expression of interferon-α genes that 

also induces expression of ISGs. The ultimate effect of NF-κB, and interferon-α/β signaling cascades 

in virus infected cells is the activation of PML bodies in the nucleus or autophagy mechanisms in the 

cytosol to directly control intracellular pathogens, but also the secretion of inflammatory cytokines like 

TNF-α, INF-γ, IL-1, IL-6, IL8, IL12, and IL-18 that in turn activate the innate immune cells like NK 

cells, monocytes, macrophages, dendritic cells, neutrophils and innate lymphoid cells (ILCs) attracting 

them to the site of infection (Isaacson et al., 2008).  

NK cells recognize target cells for killing that down-regulate the expression of inhibitory ligands (e.g., 

MHC-class I molecules) or express ligands for NK-cell activating receptors (e.g. RAE-1 ligand for the 

NKG2D activating receptor) (Carayannopoulos and Yokoyama, 2004). For example, virus infected 

cells as well as transformed cells downregulate MHC-I molecules from the cell surface, making them a 

target for NK-cell killing. The effector function is through target-cell lysis upon secretion of granules 

containing perforin and granzyme, direct killing of infected cells by induction of apoptosis through 

death-receptors or by secretion of pro-inflammatory cytokines like interferon-γ and TNF-α that activate 

cells of the adaptive immune system (Carayannopoulos and Yokoyama, 2004). NK cells are critical in 

control of CMV infection, as patients with reduced numbers of NK cells are more affected by CMV 

disease (Biron et al., 1989). Likewise, mice depleted of NK cells have higher titers of MCMV in various 

organs compared to mice with functional NK cells or those adoptively transferred with NK cells before 

MCMV infection (Bukowski et al., 1985; Bukowski et al., 1984). Additionally, the ability of NK cells 

to control MCMV infection in mouse strains is used to categorize them into MCMV susceptible e.g., 

BALB/c or MCMV resistant e.g., C57BL/6. The susceptibility to MCMV in mice is linked to the genetic 

locus Cmv1 located on chromosome 6 (Scalzo et al., 1995). The dominant allele is CMVr and its gene 

product is Ly49H, a receptor expressed in the splenic NK-cell subset of C57BL/6 mice. MCMV 

encoded protein m157 is expressed in MCMV infected cells as a decoy MHC-class I molecule and 

interacts with Ly49H an NK-cell activating receptor thus making C57BL/6 mice resistant to MCMV. 

The genetically susceptible BALB/c mice lack the Cmv1 locus (Scalzo et al., 1990; Scalzo et al., 1995) 

and the Ly49H gene (Arase et al., 2002).  

Dendritic cells are antigen presenting cells (APC) and an important component of the innate immune 

response. DCs primarily serve as the link between the innate and the adaptive immune system since 

they capture, process and present pathogens peptides to T cells. Two subsets of DCs have been 

described in mice; the conventional DCs (cDC) and plasmacytoid DCs (pDCs) (Shortman and Liu, 

2002). Naïve and immature DCs on the mucosal surfaces of peripheral tissues capture and internalize 
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CMV via receptor-mediated endocytosis and then migrate to the lymph nodes. At the lymph nodes, the 

now-mature DCs triggers immune response by interacting with T cells expressing receptors specific to 

viral peptides bound to major histocompatibility (MHC) molecules of the DCs. In addition, DCs 

upregulates expression of costimulatory molecules like CD80/86 that are necessary for efficient 

interaction with T cells. Alternatively, CMV can infect dendritic cells and trigger innate immune 

response by secreting type I IFNs and by stimulating NK cells activation (Guillerey et al., 2012; Puttur 

et al., 2016). Furthermore, CMV infection of DCs and other myeloid derived cells like monocytes and 

macrophages aids the virus spread throughout the body (Farrell and Stevenson, 2019). MCMV 

expressed chemokine homologues (MCKs), attracts the migratory leucocytes to sites of infection. It 

was shown that MCK-2 derived from MCMV gene locus m131-129 facilitates early inflammatory 

response after infection of mice with MCMV and that a mutant lacking this chemokine has reduced 

capacity to disseminate to salivary glands compared to wild-type MCMV (Fleming et al., 1999). 

1.8 Adaptive immune response 

 Adaptive immunity is divided into two branches, the humoral and the cellular immunity. The 

lymphocytes mediating humoral immunity and cellular immunity are B and T lymphocytes, 

respectively (Abbas et al., 2018). Humoral immunity protects the host from extracellular pathogens, 

while cellular immunity protects against intracellular pathogens. The common denominator of 

lymphocytes is to induce responses which can be easily recalled upon re-infection, thus forming the 

base of immunological memory. Recently, studies have indicated that NK cells can also be primed to 

induce memory-like immune responses. Thus, they may also be considered as a component of cell-

mediated arm of the adaptive immune response (Adams et al., 2019; O’Sullivan et al., 2015).  

1.8.1 Humoral immune response to CMV 

The humoral immune response protects the host from intracellular pathogens and those located outside 

cells e.g., lumen of the gastrointestinal and respiratory tracts and in the circulatory system. The effector 

molecules are special protein molecules called antibodies or immunoglobulins that are produced by B-

cells in secreted form or bound on the plasma membrane as B-Cell Receptors (BCRs). The prerequisite 

for antibodies secretion is the activation of naïve B cells. Naïve B cells internalize BCR-bound antigens 

through receptor-mediated endocytosis; degrade them into peptides that are then presented with MHC 

class II molecules for recognition (Blum et al., 2013). Alternatively, naïve B cells can get primed 

following recognition of processed antigens when presented by professional antigen presenting cells 

like the dendritic cells (Lanzavecchia, 1985). Similarly, antigens are presented to follicular CD4 T-

helper cells that in turn secrete cytokines like IL-4 and IL-21, which stimulate B cells to proliferate and 

form germinal centers in the secondary lymphoid organs like the spleen and lymph nodes (Crotty, 2015). 

In the germinal center, B cells undergo extensive proliferation, immunological class switching (from 
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IgM/IgD to IgA, IgE or IgG antibodies) and somatic hypermutations to increase antibody affinity, 

giving then rise to antibody secreting plasma cells (Shlomchik and Weisel, 2012).  

Since antibodies are specific for a particular pathogen, they provide immune protection by physically 

immobilizing pathogens like free viruses or bacteria or by specifically marking them or the infected cell 

for killing by other cells of the immune system. Thus, primary CMV infection induces antibody-

mediated immune response that together with other cells of the immune system limit the virus infection 

burden on the host. However, the role of CMV-specific antibodies in the long-term defense against 

CMV infection is controversial. Some early studies showed that maternal derived CMV-specific 

antibodies were unable to protect the fetus from intrauterine CMV infection or neonatal infections 

through breastfeeding (Stagno et al., 1977; Stagno et al., 1980). Additionally, re-infection of CMV 

positive transplant patients by donor-derived virus suggests inability of the pre-existing antibody 

immunity to confer protection in transplantation setting (reviewed in (Griffiths and Grundy, 1987)). 

Nevertheless, adoptive antibody transfer may play a role in the control of congenital CMV infection 

(Cekinović et al., 2008; Hiršl et al., 2018; Stagno et al., 1982) or in transplantation setting (Ishibashi et 

al., 2007), as antibodies were shown to preclude CMV dissemination upon reactivation from latency in 

the mouse model (Jonjić et al., 1994).  

1.8.2 Cell-mediated immune response 

Antigen specific T cells and their associated secretions constitute the cell-mediated immune response. 

T-lymphocytes are the principal cell-type of cell-mediated immunity. They are distinguished from other 

immune cells by surface expression of T cell receptor (TCR) that they use to recognize pathogens. 

Naïve T cells become activated when they interact with pathogens’ peptides presented by antigen 

presenting cells like dendritic cells, macrophages and in some cases B cells (Bonilla and Oettgen, 2010). 

Alternatively, T cells can become activated following direct infection by pathogens. The main subsets 

of T cells are CD4 and CD8 T cells. CD8 T cells mediated immune response is by direct killing of 

infected cells, or indirectly by secretion of cytokines like IFN-γ and TNFα while CD4 T cells exert their 

immune function mainly by secreting pro-inflammatory cytokines and chemokines that recruit, activate 

and regulate other immune cells (Bonilla and Oettgen, 2010).  

1.8.3 T-cell Development and activation of response 

The precursor for T cells is a hematopoietic stem cell originating in the bone marrow and which 

differentiates into multipotent progenitors (MPP) that give rise to myeloid or lymphoid cells (reviewed 

in (Bonilla and Oettgen, 2010; Jenkinson et al., 2006)). Further differentiation of the MPP gives rise to 

the common lymphoid progenitor (CLP) that terminally differentiates into T, B or NK cells. T cells are 

generated in the thymus when the T cell precursor migrates from the bone marrow to the thymus. The 

thymus is made up of the outer region called cortex and inner medulla. Thymic stromal cells (non-
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hematopoietic cells) interact with developing T-cell precursors (thymocytes) in a process that leads to 

development of the different subsets of mature T lymphocytes (Li et al., 2014). The early thymocytes 

in the thymic cortex are termed double negative (DN) as they lack surface expression of CD4 and CD8 

co-receptors (see figure 1.4).  

 

Figure 1.4 Overview of T-cell development.  

T-cell precursor migrates from the bone marrow into the thymus and undergo differentiation and selection process in the 

thymic cortex and medulla where α and β chains of the TCR are generated as well as expression of CD4 and CD8 molecules. 

Mature CD4 and CD8 T-cells and a small subset of T cells exit the thymus into the blood and peripheral tisssue where further 

development occurs following encounter with antigens (Owen et al., 2013).  

These cells also differentially express CD44 (cell adhesion molecule) and CD25 (interleukin-2-receptor 

α chain) (Petrie, 2003). The CD44+-CD25+ subset of DN thymocytes upregulate the expression of 

recombinase activating genes RAG1 and RAG2 whose enzymes catalyze re-arrangement of a segment 

of the immunoglobulin gene - V (variable), D (diversity), J (joining) to form TCRβ in a process termed 

β-selection (reviewed in (Market and Papavasiliou, 2003)). This process selects for cells with 
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rearranged TCRβ that in the next stage pair with surrogate TCRα and forms complex with CD3 

molecule. The complex arrest further TCRβ rearrangement, promote expression of CD4 and CD8 

molecules (double positive) and ensures survival and proliferation of the thymocytes. The double 

positive thymocytes rearrange the TCRα-chain to form αβ-TCR. These cells are presented self-antigens 

by thymic dendritic cells and stromal cells in the thymic cortex in a process that positively selects for 

cells that bind MHC-presented peptides, while those that cannot bind it or bind with very low affinity 

are eliminated through apoptosis. In the medulla, these cells are presented with self-antigens by thymic 

dendritic cells and macrophages in a process termed negative selection, where cells that bind peptides 

with high affinity undergo apoptosis. During the positive selection, cells that recognize peptides on 

MHC-class I upregulate CD8 expression while those presented with peptide on MHC class-II 

upregulate CD4 expression, so that cells that eventually exit the thymus are naïve CD4+ or CD8+ single 

positive T cells.  A small fraction of mature naïve T cells leaving the thymus into blood and peripheral 

tissues express γδ-TCR and are referred to as γδ-T cells while the majority express αβ-TCR hence 

termed αβ-T cells. Other T-cells subsets include natural killer T cells (NKT-cells) and mucosal 

associated invariant T cells (MAIT cells) (reviewed in (Owen et al., 2013; Shah)). 

Immune recognition normally takes place in the lymphoid organs where immune cells reside 

strategically positioned in order to detect pathogens draining into the lymphatic system from the 

circulatory system. Encounter with pathogens leads to activation of immune cells and their release into 

blood and peripheral tissues. The prerequisite for activation of the cellular immune response is 

presentation of components of the pathogen termed antigens (usually short peptides) to T cells on their 

cell-surface bound receptors. Major histocompatibility complex (MHC) molecules are specialized 

proteins molecules expressed on the cell surfaces of all nucleated cells that facilitate the antigen 

presentation. Professional antigen presenting cells e.g., dendritic cells, and phagocytic cells like 

macrophages express MHC class I and class II while other nucleated cells express MHC class I 

molecules. Dendritic cells and macrophages engulf exogenous pathogens like parasites, viruses and 

bacteria in circulation or in mucosa, migrate into the secondary lymph node and digest them into small 

peptides using the hydrolytic enzymes in the endolysosomes or cytosole-localized immunoproteasome 

or constitutive proteasome (Groettrup et al., 2010). Proteasomally processed peptides are transported 

into the endoplasmic reticulum (ER) by transporter associated with antigen presentation (TAP). TAP 

together with components of the peptide-loading complex (β2 microglobulin, calreticulin, tapasin, 

ERp57) further processes the peptides into 8-13 amino acids and load them on MHC class-I (Antoniou 

et al., 2003; Malnati et al., 1992). Antigens processed in the endolysosomes are loaded directly onto 

MHC class II molecules, which are resident in the same compartment. MHC-II presented peptides are 

presented to CD4 T cells while those displayed on MHC class-I are presented to CD8 T cells. 

Alternatively, endogenous pathogens infecting nucleated cells are digested using hydrolytic enzymes 
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of constitutive proteasome, loaded on MHC class I molecules and presented to CD8 T cells (Groettrup 

et al., 2010).  

Different subsets of αβ-T cells exist based on their function and status of their phenotype. By 

convention, CD4+ T cells are termed helper CD4 T cells since they assist other immune cells exert their 

immune function through secretion of cytokines while CD8+ T cells are termed cytotoxic CD8 T cells 

since they directly kill infected cells but also secrete inflammatory cytokines like IFN-γ and TNF-α 

(reviewed in (Luckheeram et al., 2012; Zhang and Bevan, 2011)). Upon encounter with antigens, naïve 

T cells differentiate into effector and memory cells. Effector cells actively engage in clearance of the 

pathogen. To facilitate their migration from the lymphoid organs into the peripheral tissues, the effector 

cells down regulate surface expression of lymphoid-tissue homing receptors (CD62L and CCR7). 

Memory cells retain antigen-specific immune memory for deployment in future infection and express 

the above-mentioned homing and chemokine receptors CD62L and CCR7. 

1.8.4 T cell response to CMV infection 

CD4 and CD8 T cells play a vital role in protection against cytomegalovirus infections. The contribution 

of each cell type seems redundant. For example, in mice depleted of CD8 T cells, CD4 T cells acquire 

an effector function against MCMV replication that is not present in immunocompetent mice indicating 

that absence of a single T cell subset can be compensated by the other (Jonjić et al., 1989). However, 

CD4 T cells are indispensable for long-term control of persistent MCMV infection in the salivary glands 

as mice depleted of CD4 T cells showed elevated titers in this organ compared to immunocompetent 

mice (Jonjić et al., 1990).Individuals with disrupted T-cell immunity, like transplant patients treated 

with immunosuppressive drugs, are more susceptible to HCMV reactivation or primary infection, but 

restoration of CD8 T cells immunity by adoptive transfer of virus specific CD8 T cells was sufficient 

to limit CMV disease (Riddell et al., 1992). Nevertheless, the antiviral protection of CD4 T-cells is 

equally important, because only the recipients of CD8 T cells that developed endogenous CD4 T-cell 

responses controlled CMV in the long term and showed sustained levels of CD8 T cells (Riddell et al., 

1992; Walter et al., 1995). Similarly, CD8 and CD4 T cells showed synergic activities upon co-transfer 

of both cell types in the murine model of adoptive transfer of CMV-specific T cells (Jeitziner et al., 

2013). 

T-cell responses are characterized by three main phenotypic subsets of T cells that differentiate from 

the naïve T-cell pool. These are effector cells, effector memory (long-lived non-classical memory) and 

central memory T cells (long-lived classical memory) (Klenerman and Oxenius, 2016). Both CD4 and 

CD8 responding T cells differentiate into effector cells that are necessary for the resolution of 

productive infection. The majority of effector cells die via apoptosis in order to prevent host from self-

destruction (Zhan et al., 2017). In CMV infection, the effector cell subset persists, displaying an 

activated phenotype (CD27-/CD127-/ KLRG1+/CD62L-) that can be distinguished from the central 
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memory T cells (KLRG1-/CD27+/CD127+/CD62L+) (Appay et al., 2002). In the mouse model of 

infection, the former cells have also been termed inflationary, since their frequency is maintained high 

even after resolution of acute infection (Holtappels et al., 2000; Karrer et al., 2003). In C57BL/6 mice, 

inflationary CD8 T cells are specific for peptides from IE3, M38, M102 and m139 genes (Munks et al., 

2006). These inflationary T cells have phenotype of terminally differentiated effector cells (CD27-

CD127-KLRG1+) but retain the capacity to secrete inflammatory cytokines INF-γ and TNF-α although 

they are unable to produce IL-2, a sign of repeated antigen exposure (Munks et al., 2006; Snyder et al., 

2008).  This observation is plausible since contrary to the assumption that latent virus is transcriptionally 

dormant and hence invisible to the T cells, sporadic viral genes desilencing occurs in the course of CMV 

latency (Grzimek et al., 2001; Kurz et al., 1999). However, this reactivation is abortive since only a 

portion of viral genome is expressed without formation of infectious virions (Kurz et al., 1999). These 

latently expressed genes, are commonly referred to as antigenicity-determining transcripts expressed in 

latency (ADTELs) (Seckert et al., 2012). Therefore, ADTELs include the immediate early (IE) genes 

e.g. IE1 and m164 in BALB/c mice and IE3, M38, M102 and m139 in C57BL/6 mice (Grzimek et al., 

2001; Kurz et al., 1999; Munks et al., 2006). It is speculated that products of these genes in latently 

infected cells are processed and presented to circulating effector CD8 T-cells in the absence of 

infectious virions in circulation (Simon et al., 2006). This abortive reactivation occurs sporadically over 

the life span of CMV host, resulting in an increased number of CMV specific CD8 T-cells a phenotype 

referred to as “memory inflation” (Karrer et al., 2003; Snyder et al., 2008). The proportion of these cells 

normally increases with time (Hadrup et al., 2006). This is a point of concern, since it could possibly 

lead to a decline in T-cell compartment and ultimately in clonal exhaustion (Cicin-Sain et al., 2012; 

Solana et al., 2012).  

In contrast, the classical central memory T cells (TCM) expand in the acute phase of MCMV infection 

but contracts after resolution of productive infection indicative of conventional T cell response (Munks 

et al., 2006). These cells are long-lived and are thought to replenish the inflationary T cell pool after 

stimulation by latently expressed CMV peptides in non-hematopoietic cells in the lymphoid tissues 

where they reside (Klenerman and Oxenius, 2016; Torti et al., 2011). Certain CMV peptides elicit the 

conventional central memory T cell phenotype. For example, MCMV infection of C57BL/6 and 

BALB/c mice elicits subdominant M45 specific CD8 T cell-response during acute infection that 

eventually contracts to conventional central memory phenotype (KLRG1-/CD27+/CD127+/CD62L+) 

(Munks et al., 2006; Sierro et al., 2005).  

The gene expression context of CMV epitopes determines the immunodominance of CMV-specific T 

cells. Recombinant MCMVs expressing exogenous epitopes in the immediate early genes were shown 

to elicit inflationary T-cell response in mice unlike those expressing epitopes in the later phases of virus 

replication cycle (Dekhtiarenko et al., 2013). Additionally, the mechanism of peptide processing for 

epitope-presentation to T cells defines whether such epitopes elicits inflationary or conventional CD8 
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T cell response. Peptides that are processed by the constitutive proteasome and presented by MHC 

class-I were shown to elicit inflationary CD8 responses while those generated in an immunoproteasome 

dependent processing and presented by MHC class-II presentation pathway elicit conventional CD8 

responses (Dekhtiarenko et al., 2016). Hence, it was shown that shifting MCMV’s M45 restricted 

peptide HGIRNASFI from its original position within the gene to the C-terminus resulted in inflationary 

phenotype instead of conventional memory CD8 T cell response that could be linked to the constitutive 

proteasome processing of the peptide (Dekhtiarenko et al., 2016).  Moreover, adoptive transfer of CD8 

T-cells targeting an exogenous epitope SSINFEKL when expressed in the immediate early gene ie2 of 

MCMV conferred better control of virus replication compared to those targeting the same epitope in 

the early gene m164 (Chaudhry et al., 2020). 

1.9 Evasion of immune system by cytomegalovirus 

Cytomegaloviruses have large genome resource that enable them encode for multiple proteins that they 

use to modulate the host immune response. HCMV blocks IFN-α stimulated responses by interfering 

with key steps of type I-interferon signal transduction pathway (Miller et al., 1999; Paulus et al., 2006). 

The viral IE1-72kDa interferes with formation of IFN-stimulated gene factor 3 (ISGF3), which is 

responsible for activating the interferon responsive genes. The immediate early viral protein blocks the 

association of the three components of ISGF3 (STAT1, STAT2 and IFN regulatory factor 9) thereby 

interfering with synthesis of IFN-responsive transcripts (Paulus et al., 2006). The tegument protein pp65 

has immunomodulatory function since infection of fibroblasts with HCMV mutant with deleted pp65 

gene was shown to induce expression of many IFN-response and proinflammatory chemokine RNAs 

than infection with wild-type virus (Browne and Shenk, 2003). The effect of pp65 on innate immune 

response was proposed to be through interference with NF-κB and IRF1 signaling pathway (Abate et 

al., 2004; Browne and Shenk, 2003). Additionally, IE2 protein IE86 was shown to block expression of 

cytokine (interferon-β) and chemokines (RANTES, MIG, MCP-2, MIP-1α, and interleukin-8) (Taylor 

and Bresnahan, 2006). Likewise, MCMV M27 gene was shown to block both type I and type II IFN 

signaling by selectively binding and degrading STAT-2 (Zimmermann et al., 2005).  

Besides interfering with key steps of the innate immune response signaling pathways, HCMV evades 

immune response by expressing chemokine analogues e.g., UL146 and UL147 that encode a viral 

chemokine designated vCXC-1 (IL-8 homologue). The CXC chemokines attracts neutrophils to sites of 

infection and since CMV infects neutrophils, vCXC-1 further facilitates dissemination of infection 

(Penfold et al., 1999). HCMV UL111a encodes a homologue of cellular IL-10 termed cmvIL-10. Since 

IL-10 is an immunosuppressive cytokine, cmvIL-10 competitively binds to receptor for cellular IL-10 

thereby conferring immunosuppressive state that facilitates establishment of infection (Kotenko et al., 

2000). HCMV encoded protein pUL21.5 was shown to selectively bind to RANTES, one of the 

interferon stimulated genes with high affinity and thus blocking interaction of RANTES with its cellular 
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receptor (Wang et al., 2004). HCMV US28 is a CC chemokine receptor homolog and was shown to 

sequester biologically active CC chemokines MCP-1 and RANTES from supernatants of infected 

fibroblasts thus altering the inflammatory milieu around cells (Randolph-Habecker et al., 2002).  

NK cell response is critical in the early immune response to CMV infection (Shellam et al., 1981). NK 

cells are therefore ideal targets for CMV’s manipulation of innate cellular immune response. Effector 

function of NK cells is determined by a balance between the expression of inhibitory and activating 

receptors and their interaction with ligands on target cells (Karlhofer et al., 1992). Healthy cells express 

normal levels of MHC class I molecules that in turn engage NK cell-inhibitory receptors. Pathogen 

infected cells down-regulate the  surface expression of MHC class I, resulting in activation of NK-cell 

killing action through the “missing self” mechanism (Karlhofer et al., 1992).  CMV is able to manipulate 

surface expression of MHC class I as a strategy to silence natural killer cells cytotoxicity (reviewed in 

(Goodier et al., 2018)). MCMV m144 is a homologue of MHC class I molecule that is expressed on 

infected cells as a substitute for down-regulated MHC molecules (Cretney et al., 1999). Infection of 

mice with MCMV mutant with deleted m144 gene showed impaired replication of this mutant in the 

acute phase of infection compared to wild-type virus (Farrell et al., 1997). Depletion of NK-cells in 

infected mice restored the replication fitness suggesting that m144 modulates NK cell effector response 

(Farrell et al., 1997). Likewise, HCMV homologue of MHC class I is UL18, but unlike MCMV m144 

it binds endogenous peptides for surface expression (Fahnestock et al., 1995). Additionally, MCMV 

can evade clearance by NK cells through manipulation of NKG2D interaction with its cellular ligands. 

Infected cells or transformed cells normally overexpress ligands for the NK cell activating receptor like 

MULT-1, RAE-1 and H60. To escape NK cell killing MCMV encodes M145, M152 and M155 proteins, 

decoys of the cellular ligands that down-regulate the cell surface expression of MULT-1, RAE-1 and 

H60 respectively (Hasan et al., 2005; Krmpotić et al., 2002; Krmpotic et al., 2005). 

Besides immune evasion strategies targeted at the innate immune response, cytomegalovirus also 

employs immune evasion strategies targeting the adaptive immune system (see figure 1.5). For example, 

several proteins are known to actively interfere with presentation of antigenic peptides by MHC class-

I and II molecules as a strategy to prevent recognition of infected cells by CD8 and CD4 T cells. 

Expression of MCMV m152 a 37/40kDa glycoprotein leads to retention of newly synthesized MHC-

peptide-complexes in the ER-Golgi intermediate compartment (ERGIC) preventing them from reaching 

the cell surface for detection by CD8 T cells (Ziegler et al., 1997). To demonstrate this effect, MCMV 

mutant lacking m152 gene do not show growth attenuation in cell culture but replicates to significantly 

lower titers in mice compared with wild-type virus (Krmpotic et al., 1999). Similarly, expression of 

transmembrane glycoprotein 48 encoded by MCMV early gene m06 was shown to bind MHC-I/β2 

microglobulin in the ER and redirecting it for lysosomal degradation and hence impaired presentation 

of antigenic peptides to CD8 T cells (Reusch et al., 1999).  
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Figure 1.5 Illustration of strategies used by HCMV and MCMV to interfere with peptide presentation by MHC-class I 

molecules. Adapted  with modification from (Powers et al., 2008).   

Likewise, HCMV encoded genes US2, US3, US6 and US11 have MHC-repressing functions (see figure 

1.5). US2 and US11 relocates the MHC class I heavy chain soon after glycosylation from ER lumen to 

the cytosol for proteasomal degradation (Jones and Sun, 1997), US3 binds MHC class I and retains it 

in the ER (Jones et al., 1996) while US6 interferes with assembly of the MHC complex by inhibiting 

ATP hydrolysis of transporter associated with antigen processing (TAP) and thus preventing binding 

of peptides to MHC molecules (Hewitt et al., 2001). Likewise, HCMV US2 interferes with antigen 

presentation via MHC class II pathway through degradation of HLA-DRα and DM-α the two essential 

components of MHC class II molecule (Tomazin et al., 1999). HLA-DM stabilizes class II-α/β complex 

and catalyzes peptide loading through displacement of the invariant chain from MHC class II-α/β 

complex (Denzin and Cresswell, 1995). 

CMV can also evade the humoral immune response using various strategies. HCMV induces expression 

of human IgG Fc receptor on infected cells (Keller et al., 1976; Westmoreland and Watkins, 1974). This 

is speculated to result in non-specific binding of IgG antibodies via the Fc receptors and thereby 

prevents lysis of infected cells via antibody-dependent cellular cytotoxicity (ADCC). Another proposed 

CMV immune evasion from antibody-mediated immune response is by coating itself with host proteins. 

Detection of host β2-microglobulin molecules in purified viral particles from urine samples of CMV 

positive patients suggested integration of these molecules in the virus particles as they are released from 

the cell (McKeating et al., 1987; Yamanaka et al., 1992). Such interactions may mask the antigenic sites 

on the virus surface thereby interfering with immune recognition.  

These immune evasion strategies by way of manipulating key pathways of the innate and adaptive 

immune system using viral proteins are typical for DNA viruses, since they have large genetic resources 
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that they utilize to encode many immune evasion proteins. Thus, immune evasion through camouflage 

and sabotage seems to be the preferred mechanisms of ensuring survival of DNA viruses in the face of 

restrictive host immunity (Lucas et al., 2001). In contrast to DNA viruses, RNA viruses have a limited 

genome size and therefore in the face of host-selective pressure they employ speed i.e., rapid and error 

prone replication that result in immune escape mutations in genes encoding antigenic properties 

(Alcami and Koszinowski, 2000; Duffy, 2018; Lucas et al., 2001). This leads to emergence of variants 

that escape detection by the adaptive immune system. 

1.10 Virus mutations as an immune escape strategy 

Viruses are categorized as non-living entities in the absence of a living host since they are incapable of 

carrying out metabolism in isolation. However, the fundamental genetic principles that apply to all 

living systems, namely mutation, selection, complementation and recombination also apply to viruses. 

A mutation is any alteration of the nucleotide sequences of an organism’s genome (Lodish et al., 2000). 

Nucleotide changes can be in the form of substitution of a base for another (commonly referred as single 

nucleotide polymorphism (SNP), or insertion or deletion (INdel) mutation of base pair(s) within the 

genome. SNPs are wide spread in the population and are responsible for different phenotypes within 

species (Twyman, 2009). A SNP that leads to change in the encoded amino acid within a protein coding 

sequence is a non-synonymous mutation while the one that does not alter the encoded amino acid is a 

synonymous or silent mutation. INdel mutations within an open reading frame (ORF) are deleterious to 

the function of a protein if they interfere with ORF codon sequence. Mutations occur as a random events 

during error-prone genome replication or they can be caused by mutagens e.g., UV light, and DNA 

intercalating agents like ethidium bromide (Lodish et al., 2000).  

In the face of selection pressure mutations that confer fitness advantage to an organism get naturally 

selected in a population (Orr, 2009). Thus, in a virus population within a living system, natural selection 

favors the variants that mutate the antigenic epitopes targeted by the immune system (Alcami and 

Koszinowski, 2000; Goulder et al., 1997) For example, in the face of selection pressure, RNA viruses 

like human immunodeficiency virus (HIV) and influenza virus mutates epitopes targeted by virus-

specific cytotoxic T lymphocytes (CTL) (Elena and Sanjuán, 2005; Goulder et al., 1997). Therefore, 

RNA virus genomes are relatively unstable compared to genomes of DNA viruses (Cheng et al., 2010). 

Comparative analyses of mutation rates in DNA and RNA viruses suggest overall genome stability of 

DNA viruses. For example, in vitro and in vivo stability of MCMV genome was determined to be 

approximately 1.4 x 10-7 mutations per base pair per day and 1.0 x 10-7 mutations per base pair per day 

(or 2 mutations in 3 genomes at 230,379 base pair per genome  per  21  days) respectively (Cheng et 

al., 2010). However, under selective pressure mutations may occur (Chou et al., 1999; French et al., 

2005). For example, significant proportion of HCMV patients acquires resistance to ganciclovir 

treatment due to mutation of UL97, a gene encoding a phosphotransferase that is essential for viral 
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nucleotide biosynthesis (Sánchez Puch et al., 2004).  Similarly, MCMV was shown to acquire mutations 

driven by selection pressure from NK cell subset of the immune system (French et al., 2005; French et 

al., 2004). The NK cells activating receptor Ly49H in the splenic subset induced mutation of its ligand, 

the m157 protein of MCMV as a result of selection pressure upon in vivo passage in MCMV resistant 

C57/BL6 mice (French et al., 2004).  Similar immune escape mutations due to selection pressure were 

reported in parvovirus minute virus of mice (MVMi), a single stranded DNA virus. Mutations were 

observed in the capsid protein following passive immunotherapy using monoclonal antibody (MAb) 

generated from serum of MVMi-infected mice (López-Bueno et al., 2003). The antibody-induced 

selection pressure indicated the potential of a single stranded DNA virus to acquire immune escape 

mutations as a result of passive immunotherapy (López-Bueno et al., 2003).  

1.11 Murine model of CMV infection  

After many years of co-evolution with their natural hosts, CMVs have adapted to replicate in their 

respective hosts giving an impression of divergent evolution. Therefore, strict species specificity 

amongst cytomegaloviruses limits direct studies of HCMV in animal models. However, human and 

animal cytomegaloviruses share some aspects of CMV biology in terms of genome organization, 

interaction with the innate and adaptive immune response, establishment of latency and manifestation 

of disease in immunocompromised hosts (Davison et al., 2013).  For these reasons, small rodents such 

as mouse, rat and guinea pig and non-primates like rhesus macaques are used as animal models of CMV 

disease. The mouse has been used extensively as a model to understand HCMV disease and to address 

clinically relevant questions that cannot easily be addressed experimentally using human subjects 

(Reddehase and Lemmermann, 2018). Most aspects of HCMV pathogenesis and immunity are 

recapitulated in mouse CMV (MCMV) infection (Reddehase et al., 2002). For example, both HCMV 

and MCMV infection possess genes that have related functions even though they do not share sequence 

homology. MCMV m152 and m06 and HCMV US2, US11, US3 and US6 function as immune evasion 

genes by interfering with antigen presentation by MHC class I molecules (reviewed in (Powers et al., 

2008)). In both mice and human, primary infection of immunocompetent hosts is asymptomatic, elicits 

persistent infection with similar phenotype of immune response while infection of 

immunocompromised hosts result in severe disease or mortality. Yet, one has to consider certain 

differences like difference in genome sequences of HCMV and MCMV and the distinct life spans of 

humans and mice. Moreover, while HCMV can infect unborn fetus via intrauterine transmission, 

MCMV is unable to cross the placenta although intracranial infection of newborn mice elicits similar 

physiological effects like congenital HCMV infection (Barry et al., 2006). Nevertheless, infection of 

mouse with MCMV rather than with HCMV provides an outcome that closely reflects clinical 

phenomenon or in vitro infection of human cell-lines with HCMV (Reddehase and Lemmermann, 

2018).  
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1.12 Clinical significance of cytomegalovirus infection 

Cytomegalovirus (CMV) is a ubiquitous DNA virus with strict host-species specificity and the ability 

to cause lifelong infection (Edward S. Mocarski and Courcelle, 2001). Routes of primary infection and 

transmission are orally (poor hand hygiene, saliva and breast milk), sexually, congenitally or via blood 

transfusion and transplantation of solid-organ or hematopoietic stem cells (reviewed in (Steininger, 

2007)). Infection of immunocompetent individuals is asymptomatic since productive infection is 

resolved within few days but the virus persists lifelong without overt disease (Edward S. Mocarski and 

Courcelle, 2001). Thus, prevalence of human cytomegalovirus (HCMV) in the general population is 

quite high and is dependent on social-economic and geographical factors (Cannon et al., 2010). It is 

estimated that 40-60% of population in industrialized countries, but nearly 100% of population in 

developing countries is CMV seropositive (Edward S. Mocarski and Courcelle, 2001; Manicklal et al., 

2013). Consequently, CMV is a significant health risk in immunocompromised and transplants patients, 

as well as in individuals infected during pregnancy (Manicklal et al., 2013; Sia and Patel, 2000). 

Individuals that are at greatest risk of CMV disease and its complications are CMV seronegative solid 

organ transplants recipient receiving organs from CMV seropositive donors, CMV seropositive 

recipients of hematopoietic stem cells from seronegative donors, severely immunocompromised human 

immunodeficiency virus (HIV) patients and fetus infected within the first trimester of CMV 

seronegative pregnancy (Foulon et al., 2008; Pass et al., 2006; Stagno et al., 1982; Steininger, 2007). 

Complications from CMV infection in transplantation setting manifests as fever, malaise, myalgia or 

headache and in severe cases transplant rejection due to graft versus host disease (Hartmann et al., 2006; 

Steininger, 2007). Retinitis is a common complication in HIV patients (Yust et al., 2004) while 

congenital CMV infections occasionally result in abnormalities like loss of hearing, mental retardation, 

microcephaly, development delay, and cerebral palsy (Foulon et al., 2008; Stagno et al., 1982).  

CMV establishes lifelong persistence without causing overt disease to healthy host, but has a significant 

imprint of the immune system (Crough and Khanna, 2009). Overwhelming evidence from clinical and 

experimental research shows that CMV stimulates the host immune system in a manner uncharacterized 

for any other medically relevant virus (reviewed in (Klenerman and Oxenius, 2016)). Lifelong carriage 

of CMV results in continuous stimulation of the cellular immune system in particular T-cell response 

(memory inflation) by latency associated viral transcripts (Karrer et al., 2003; Snyder et al., 2008). 

Thus, a significant component of host T cell pool (over 10% of CD8 T and CD4 T cells or more than 

4% of CD8 T cells specific for HCMV pp65 tegument protein) is directed at checking CMV reactivation 

(Gillespie et al., 2000; Sylwester et al., 2005). It is assumed that the skewed T-cell response might have 

an impact on host’s ability to respond to other pathogens or contribute to immune aging (Cicin-Sain et 

al., 2012; Marandu et al., 2015). Treatment of CMV infection is by antiviral drugs like cidofovir, 

foscarnet, gancyclovir, and letermovir (Biron, 2006; De Clercq, 2013). Therapy using these antivirals 

frequently fails due to associated toxicity, myelosuppression and emergence of drug resistance HCMV 



24 

 

strains (Biron, 2006). As an alternative to antivirals, immunotherapeutic strategies such as vaccination 

and adoptive immunotherapy are explored. Currently, there are no effective vaccines but efforts are 

underway to generate attenuated CMV based vaccines (reviewed in (Ynga-Durand et al., 2019)). 

Importantly, adoptive immunotherapy using virus specific T cells is explored as an “off-the shelf” 

solution to treat the highly susceptible CMV patients (reviewed in (Peggs, 2009)).    

1.13 Adoptive Immunotherapy of CMV disease 

Adoptive immunotherapy is defined as the infusion of immune effector cells for treatment or prevention 

of disease (Riddell and Greenberg, 1995). The aim of adoptive immunotherapy is to reconstitute cellular 

immunity against disease when pharmacological intervention fails to stop progression of an infection. 

Initial experiments to investigate the adoptive immunotherapy of cytomegalovirus disease were based 

on murine model of immunocompromised CMV host (Reddehase et al., 1985). It was shown that 

transfer of CD8 T cells protected mice against MCMV challenge, and that recovery from interstitial 

pneumonia in gamma irradiated mice was linked to replicative control of MCMV by adoptively 

transferred T cells (Mutter et al., 1988; Reddehase et al., 1985). Similarly, reconstitution of HCMV 

specific CD8 T cell response was associated with reduced risk of developing cytomegalovirus disease 

after allogeneic bone-marrow transplant (Quinnan et al., 1982; Reusser et al., 1991).  

Adoptive immunotherapy of CMV utilizes three strategies, prophylaxis therapy (administration of 

CMV specific T cells before the onset of infection as a preventive measure), pre-emptive therapy 

(administration of therapy to individual who are at high risk of CMV infection based on screening of 

CMV status at the earliest opportunity) and immunotherapy aimed at treating established infections 

(reviewed in (Peggs, 2009)). The main goal of adoptive immunotherapy is to restore an effective and 

long-lasting HCMV-specific T cell immunity in patients in order to prevent or limit complication 

associated with CMV infection. Several strategies are utilized in preparing HCMV specific T cells. The 

pioneer method was based on adoptive transfer of donor-derived HCMV-specific T cells. Cytotoxic T 

lymphocytes (CTL) were isolated from bone-marrow donors and propagated in vitro for 5-12 weeks 

before prophylactic-adoptive transfer to immunodeficient bone marrow transplant recipients (Riddell et 

al., 1992; Walter et al., 1995). Upon adoptive transfer of the donor derived HCMV-specific CTL clones, 

they persisted, prevented HCMV disease and were not associated with toxicity in the 12 patients who 

received the T cell infusion. The second approach incorporated both CD4 and CD8 T cells since results 

from initial method showed that even though transferred CTL clones persisted for several weeks, their 

activity declined in patients who did not develop concomitant helper CD4 T cell response. This implied 

that the contribution of CD4 T cell response to CMV disease may be required for proper effector 

function of virus specific CD8 T cells upon clearance of replicating virus. Consequently, Peggs and 

colleagues generated HCMV specific CD8 and CD4 T cells by stimulating them with HCMV-primed 

dendritic cells (Peggs et al., 2001). CMV specific T cell lines were expanded in vitro for a limited time 
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and showed massive proliferation that could be linked to reconstitution of antiviral immunity (Peggs et 

al., 2003). To exclude the use of live-virus and hence much more GMP acceptable approach of 

generating HCMV specific T cells, Micklethwaite and colleagues generated donor-derived CTL by 

stimulating dendritic cells with synthetic HLA-A2 restricted peptide NLVPMVATV (NLV) derived 

from the cytomegalovirus-pp65 protein (Micklethwaite et al., 2007). While this approach considerably 

increases the frequency of virus specific CTLs, it is limited by the fact that targeting a single peptide 

may prompts emergence of escape variants and also limit the use of such cells to patients carrying the 

corresponding HLA allele. Other approached to generate HCMV-specific T cells utilized replication 

deficient adenoviral vector expressing 34 HLA class I-restricted epitopes expressed during the three 

stages of CMV replication cycle (Rist et al., 2005). Stimulation of PBMCs with the vector elicited rapid 

expansion of multi-epitope specific CD8 T cells that could recognize endogenously derived peptides in 

co-culture with virus-infected cells (Rist et al., 2005).  

Ideally, an effective “off-the-shelf” T-cell therapy for CMV disease should not be limited by length of 

time required to prepare. Importantly, prolonged period of in vitro culture of virus specific T cells may 

lead to genetic alterations in the cells thus resulting in unwarranted clinical features upon adoptive 

transfer. To circumvent this challenge Cobbold and colleagues developed a simplified method by using 

purified donor-derived CMV-specific CD8 T cells isolated from peripheral blood using HLA–peptide 

tetramers followed by selection with magnetic beads. (Cobbold et al., 2005). This approach eliminated 

in vitro manipulation, while ensuring considerable in vivo expansion of cells and was sufficient to clear 

virus replication in majority of the stem cell transplant patients (Cobbold et al., 2005). Nevertheless, 

the need to use clinical grade HLA-peptide tetramers and the low frequency of precursor virus specific 

T cells in the peripheral blood presents some of the technical limitations of this approach. Similarly, 

minimally manipulated CMV specific T cells were prepared using MHC-Streptamers from peripheral 

blood of stem cell or third party donors (TPD) (Neuenhahn et al., 2017). In this phase I/IIa trial, a single 

dose of ex vivo MHC-Streptamers-isolated CMV epitope-specific donor derived T cells were used to 

treat CMV infection after allo-hematopoietic stem cell transfer (all-HSCT). The ex vivo transferred 

CMV specific T cells were maintained in almost all recipients of T-cell replete grafts from CMV-

seropositive donors that was concomitant with no detectable viremia. However, CMV seronegative 

recipients that received partially HLA-matched CMV specific T cells from TPD had poor CMV 

immunity (Neuenhahn et al., 2017). Alternative strategy is the use of HLA-matched allogeneic virus 

specific T cells as demonstrated by studies of adoptive immunotherapy of EBV-associated lymphomas 

(Haque et al., 2007). This approach is being used for treatment of multiple viral infections by generating 

multi-specific T cell banks. For example, EBV- transformed B cell lines were genetically modified with 

chimeric adenoviral vectors to generate CD4 and CD8 T lymphocytes specific for CMV, EBV and 

several serotypes of adenovirus. The multi-specific single T lymphocyte line expanded into multiple 

discrete virus-specific populations that could supply clinically measurable antiviral activity against all 
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three viruses (Leen et al., 2006). Recently, more advanced approaches are based on generating multi-

specific antigens T cells using MHC-I-Streptamers. For example, upon infusion of donor-derived CD8 

T cells directed against CMV, EBV and adenovirus antigens, tumor-associated antigens (TAA) and 

minor histocompatibility antigens (MiHA) into HLA-matched allogeneic stem cell transplant patients 

they were well tolerated (Roex et al., 2019). However, 8 out of 27 patients who received T cell infusion 

developed CMV and EBV reactivation, with half of them requiring pharmacological intervention of 

which 2 developed CMV disease (Roex et al., 2019).   

Findings from the highlighted studies of adoptive T cell transfer together with those reviewed by Peggs 

(Peggs, 2009) suggest that even though adoptive immunotherapy of CMV disease for the high-at-risk 

patients is generally therapeutically plausible, there are still some underlying issues that need to be 

addressed to ensure overall success. For example, the optimal CMV peptides for targeting by T cells 

have not been formally validated. Moreover, escape of CMV from immune recognition by adoptively 

transferred T cells through mutations of the T–cell targets may explain failure of some of the adoptive 

immunotherapy approaches.    
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1.14 Aims of the work 

This project addresses the role of immune escape as a strategy utilized by cytomegalovirus to avoid 

immune recognition upon adoptive immunotherapy of CMV disease using CD8 T cells. It is based on 

observation that adoptive immunotherapy of cytomegalovirus disease in the high-at risk patients using 

CMV specific CD8 T cells occasionally results in failed long-term control of CMV disease in some 

cases (Cobbold et al., 2005; Einsele et al., 2002; Micklethwaite et al., 2007; Peggs et al., 2003; Riddell 

et al., 1992; Rist et al., 2005; Roex et al., 2019; Walter et al., 1995). Since T cell-dysfunction was not 

linked to the failed immunotherapy, I postulated that immune escape of the virus through mutation of 

targeted epitopes might provide possible explanation. The mouse model of CMV infection is a useful 

tool for deciphering the interaction of host immune system with the virus and provides preliminary 

understanding of CMV disease in a clinical setting. Therefore, to test my hypothesis, I utilized a mouse 

model of an immunocompromised CMV patient to identify the minimal requirement for use of CMV 

specific CD8 T cells in adoptive immunotherapy of CMV disease. Essentially, I addressed the following 

questions;  

1. What are the optimal CD8 T cells for adoptive immunotherapy of CMV disease? 

2. Can cytomegalovirus mutate its genome to avoid recognition by T cells of the adaptive arm of the 

immune system?  

Specifically, I used a TCR transgenic mouse with CD8 T cells expressing T-cell receptor (TCR) specific 

for the Kb restricted peptides SSIEFARL or SIINFEKL and recombinant MCMVs expressing these 

peptides. The SSIEFARL is derived from the glycoprotein B of HSV-1 (Wallace et al., 1999) while 

SIINFEKL peptide is derived from chicken ova albumin (Rötzschke et al., 1991). The two peptides 

elicit an immunodominant T-cell response as they are recognized by cognate CD8-TCRs with high 

avidity. In order to identify the optimal peptide for targeting by CD8 T cells in adoptive immunotherapy 

of CMV disease, nucleotide sequences encoding these peptides were placed under control of promoter 

for immediate early (ie2) or early (M45) genes of MCMV. This allowed testing whether CD8 T cells 

should target CMV peptides expressed immediately after CMV infection or at later time points in the 

virus replication cycle. To evaluate immune protection of CD8 T cells targeting the immune epitopes, 

mice were infected with recombinant MCMVs and their survival and the phenotype of CD8 T cells 

monitored in the course of infection. Additionally, stability of the immune epitopes sequences upon in 

vivo passage was characterized in order to determine whether immune pressure on the epitope might 

induce escape mutations. Alternatively, the SSIEFARL peptide was inserted in both ie2 and M45 gene 

of MCMV. This allowed testing the implication of offering CD8 T cells multiple targets and whether 

this has an impact on the strength of immune protection. 
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2. Materials and Methods 

2.1 Materials  

2.1.1 Bacteria 

Strain Genotype Reference 

E. coli strain GS1783 DH10B l cI857 Δ(cro-bioA) <>araC-PBADI-sceI (Tischer et al., 2010) 

PIR1 F- Δlac169 rpoS (Am) robA1 creC510 hsdR514 endA 

recA1 uidA (ΔMluI): pir-116 (Invitrogen, 2004) 

2.1.2 Mouse strains 

BALB/c mice were purchased from Charles River (Sulzfeld, Germany). RAG2γC-/-C57BL/6JRj and 

CD45.1 or CD45.2 C57BL/6JRj mice were bred and housed under specific pathogen-free (SPF) 

conditions at Technical University of Munich (TUM) animal facility. TCR transgenic gBT-I×RAG2-/- 

C57BL/6JRj and HY×RAG2-/-C57BL/6JRj mice were bred and housed under SPF conditions in the 

animal facility at Helmholtz Zentrum für Infektionsforschung (HZI) Braunschweig. Experiments 

performed at HZI were approved by the responsible state office (Lower Saxony State Office of 

Consumer Protection and Food Safety) while those performed at Technical University of Munich were 

approved by the district government of upper Bavaria (Department 5 – Environment, Health and 

Consumer Protection). The animal experiment permit numbers were 33.9-42502-04-14/1711 and 33.19-

42502-04-20/3369. Experiments involving the gBT-I×RAG2-/- were performed with both male and 

female mice. Female HY×RAG2-/- and BALB/c mice were used in their respective experiments. All 

mice were at least 9 weeks old at the onset of the experiment. Each experiment consisted of at least 5 

animals per test condition. Animals were housed in accordance with German animal welfare law and 

bylaws on the protection of animals in experimental research, as well as with the European guideline 

on the protection of animals in scientific research (2010/63/EU), with 12hours light/darkness intervals 

and ad lib water and regular mouse chow. The health of animals upon recruitment into an experiment 

was assessed by daily monitoring the change in body weight and by scoring animal activity and general 

healthcare on a scale from 6 (very healthy and active) to 1 (moribund). Once 20% weight loss from the 

initial weight was recorded, or if the healthcare dropped below 3 (animals are uninterested in the 

environment, rare movement, sleepy, reduced food intake), the animal(s) was removed from the 

experiment to prevent suffering by humane euthanasia under CO2 asphyxiation. Mice were taken out 

of CO2 chamber and confirmed to be completely euthanized by craniocaudal extension and cervical 

dislocation before the removal of salivary glands, lungs, liver and the spleens for further 

experimentation. Animals that were removed from the experiment due to these criteria were recorded 

as deceased and their numbers were used to determine mortality. 
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2.1.3 Viruses   

I used the wild-type murine cytomegalovirus (MCMVWT) derived from strain Smith clone pSM3fr-

MCK-2fl, (Jordan et al., 2011). Recombinant MCMVs expressing a single immunodominant epitope 

ovalbumin peptide 323SIINFEKL339 or the HSV-1 glycoprotein B peptide 498SSIEFARL505 were 

generated according to En Passant mutagenesis (Tischer et al., 2010). These recombinant viruses were 

already cloned and archived in the lab of Prof. Dr. Luka Cicin-Sain prior to commencement of this 

study. Details of the cloning strategy used to generate MCMV mutants are given in (Baumann et al., 

2019; Dekhtiarenko et al., 2013). Important to note is that in order to normalize the nucleotide sequences 

adjacent to the peptide and thus peptide processing and presentation to corresponding T cells, two 

alanine residues were placed before the peptide in ie2 gene (Del Val et al., 1991). Thus, the amino acids 

AASIINFEKL or AASSIEFARL were placed in the C terminus and in frame with ie2 gene to generate 

recombinant MCMVIE2-SIINFEKL and MCMVIE2SL respectively. Alternatively, the HSV-1 derived 

sequence 494IKTTSSIEFARL505 was inserted in the C terminus of M45 gene (MCMVM45SL) 

(Dekhtiarenko et al., 2013). Thus, I used recombinant MCMVs expressing a single high-avidity peptide 

in the context of an immediate early gene (MCMVIE2-SIINFEKL and MCMVIE2SL) or early gene 

(MCMVM45SL). Recombinant MCMVIE2SL-M45SL was generated as part of this thesis using En Passant 

mutagenesis (Tischer et al., 2010) as described in section 2.3.7. 

2.1.4 Cells 

Cell type  ATCC number Supplier/Source 

M2-10B4  CRL-1972 ATCC (Manassas, VA, USA) 

NIH-3T3  CRL-1658 ATCC (Manassas, VA, USA) 

MEFs C57BL/6   N.A. Generated by IMCI group  

(HZI Braunschweig) 

2.1.5 Tissue Culture Medium 

Medium    Supplier 

DMEM Life Technologies Gibco (Carlsbad, CA, USA) 

OPTI-MEM Life Technologies Gibco (Carlsbad, CA, USA) 

 

2.1.6 Supplementation of Tissue Culture Medium 

Cell type Medium Purpose 

M2-10B4, NIH-3T3, Primary 

C57BL/6 MEFs  

DMEM Cells cultivation 

Virus stock preparation 
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10% FBS  

 
1% L-Glutamine  

 
1% Penicillin/Streptomycin  

Primary C57BL/6 MEFs  DMEM In vitro virus growth kinetics 

(virus titration) 

 
5% FBS  

 
1% L-Glutamine  

 
1% Penicillin/Streptomycin  

2.1.7 Chemical and Reagents 

Chemical / Reagent Supplier 

Agarose Biozym (Hessisch Oldendorf, Germany) 

Carboxymethylcellulose Sigma-Aldrich (St. Louis, MO, USA) 

Chloramphenicol Serva (Heidelberg, Germany) 

Ethanol J.T. Baker (Center Valley, PA, USA) 

Fetal Bovine Serum (FBS)  Greiner Bio-One (Frickenhausen, Germany) 

FuGENE® HD Transfection Reagent  Promega, (Madison, USA)  

Gel loading dye (6X)  Invitrogen (Carlsbad CA, USA) 

GelRed Biotium (Hayward, CA, USA)  

GeneRuler 1 Kb Plus DNA Ladder Life Technologies (Carlsbad, CA, USA) 

Glycerol (86%) Carl Roth (Karlsruhe, Germany) 

Heparin Ratiopharm (Ulm, Germany) 

Isopropanol J.T. Baker (Center Valley, PA, USA) 

Kanamycin Sigma-Aldrich (St. Louis, MO, USA) 

L-Arabinose Sigma-Aldrich (St. Louis, MO, USA) 

L-Glutamine Life Technologies Gibco (Carlsbad, CA, USA) 

Live/Dead stain reagent Thermo Fischer Scientific, (Waltham, MA, USA) 

Penicillin/Streptomycin Life Technologies Gibco (Carlsbad, CA, USA) 

Sodium Acetate J.T. Baker (Center Valley, PA, USA) 

Trypan Blue  Fluka analytic (Sigma-Aldrich), Germany  

Trypsin/EDTA  Life Technologies Gibco (Carlsbad, CA, USA) 
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2.1.8 Enzymes and Kits 

The following reagents and kits were used for isolation of plasmid and BAC DNA from bacteria, and 

for PCR experiments.  

Kit Supplier 

QIAGEN® Plasmid Midi kit Qiagen (Hilden, Germany) 

QIAGEN® Plasmid Maxi Kit  Qiagen (Hilden, Germany) 

QIAquick® PCR Purification Kit  Qiagen (Hilden, Germany) 

Q5® High-Fidelity 2X Master Mix New England Biolabs (Ipswich, MA USA) 

MangoMix® 2x Reaction Mix Bioline (Paris France) 

2.1.9 Anaesthetics  

Anesthetic / Reagent Supplier 

Isoflurane Abbott (North Chicago, IL, USA) 

2.1.10 Working Concentration of Antibiotics 

Antibiotic Final concentration 

Chloramphenicol  25 µg/ml 

Kanamycin  20 µg/ml 

2.1.11 Antibodies and Beads 

Antibody/ 

Tetramer/  

MHC-I mol/beads 

 

Fluorochrome 

 

Clone 

 

Supplier 

αCD3 APC-eFluor780 17A2 eBioscience (San Diego, CA, USA) 

αCD4 BV650 GK1.5 BD Biosciences (San Jose, CA, USA) 

αCD8α PerCp-Cy5.5 53-6.7 Biolegend (San Diego, CA, USA);  

αCD44 Alexa Fluor 700 IM7 Biolegend (San Diego, CA, USA);  

αCD11a PE-Cy7 2D7 BD Biosciences (San Jose, CA, USA) 

αKLRG1 Brilliant Violet 510 2F1KLRG1 Biolegend (San Diego, CA, USA) 

αCD127 PE/Cy5 A7R34 Biolegend (San Diego, CA, USA) 

αCD62L Pacific Blue  MEL-14 eBioscience (San Diego, CA, USA) 

α CD279 (PD-1) APC 29F-1A12 Biolegend (San Diego, CA, USA) 

αNK1.1 PE PK 1.36 Biolegend (San Diego, CA, USA) 
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Compensation beads N/A N/A Biolegend (San Diego, CA, USA) 

2.1.12 Buffers and Solutions 

Buffer/Solution Supplementation/Supplier 

FACS buffer PBS + 2% FBS 

 30 ml 1x PBS 

Hank’s Balanced Salt Solution (HBSS) AppliChem (Darmstadt, Germany) 

Luria-Bertani (LB) agar plates 7.5 g Agar dissolved in 500 mL LB-medium 

and autoclaved. 

LB-medium 1 litre LB medium Supplemented with 5 g 

NaCl, 10 g Tryptone and 10 g Yeast-Extract 

and autoclaved. 

Methylcellulose 3.75 g Carboxymethylcellulose dissolved in 

393 ml H2O and autoclaved. Upon cooling 

supplemented with 10% 10x MEM, 5% FBS, 

5% Sodium bicarbonate solution (7.5%), 1% 

L-Glutamine, 1% Penicillin/Streptomycin and 

0.5% non-essential amino acids (NEAS) 

PBS (10x) (pH 7.0) 800 g NaCl, 143 g Na2HPO4, 22 g KCl, 20 g 

KH2PO4 dissolved in 10 ml H2O. Sterilized 

by filtration. 

10x TRIS-Borate-EDTA (TBE) buffer 

(pH 8.0)  

100 g Tris base, 55.6 g boric acid and 9.3 g 

Na2EDTAdissolved in 1 litre. Sterilized by 

filtration. 

Virus standard buffer (VSB) pH 7.8 0.05 M Tris/HCl, 0.012 M KCl, 0.005 M 

Na2EDTA and autoclave. 

VSB (15% sucrose)  75 g sucrose dissolved in 500 ml VSB and 

autoclaved  

2.1.13 Materials and Equipment  

Material/Equipment Supplier 

Bacteria plates Nerbe-plus (Winsen/Luhe, Germany) 

Cell culture dishes (Ø 10 and 14,5 cm) Greiner Bio-One (Frickenhausen, Germany) 

Cell culture flasks (T25, T75) Thermo Fisher Scientific (Waltham, MA, USA) 

Cell culture plates (12, 24 and 48 well) Corning (Falcon; Corning, NY, USA) 
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Cell scrapers TPP (Trasadingen, Switzerland) 

Cell strainer (100 μm) Corning (Corning, NY, USA) 

Centrifuge Tubes for Blood Samples (15 ml) Thermo Fisher Scientific (Waltham, MA, USA) 

Combitip pipette Eppendorf (Hamburg, Germany) 

Combitips Eppendorf (Hamburg, Germany) 

Cryovials Thermo Fisher Scientific (Waltham, MA, USA)  

Cuvettes (OD measurement) Sarstedt (Nümbrecht, Germany) 

EDTA tubes Sarstedt (Nümbrecht, Germany) 

FACS tubes (U bottom, 1.4 ml) Micronic (Lelystad, Netherlands) 

Falcon tubes (15, 50 ml) Greiner Bio-One (Frickenhausen, Germany) 

Folded Filter Papers, Ø 185 mm GE Healthcare Life sciences (Whatman Chalfont St 

Giles; UK) 

Microcentrifuge tubes (0.5 ml) Greiner Bio-One (Frickenhausen, Germany) 

Microcentrifuge tubes (1.5, 2 ml) Sarstedt (Nümbrecht, Germany) 

Needles Braun (Melsungen, Germany) 

Pasteur pipettes Wilhelm Ulbrich GdbR (Bamberg, Germany)  

PCR reaction tubes Starlab (Hamburg, Germany) 

Pipette tips Starlab (Hamburg, Germany) 

Pipettes Starlab (Hamburg, Germany) 

Scalpels Braun (Melsungen, Germany) 

Serological pipettes Greiner Bio-One (Frickenhausen, Germany) 

Syringes Braun (Melsungen, Germany) 

Safety gloves Starlab (Hamburg, Germany) 

V-bottom 96-well plates Thermo Fisher Scientific (Waltham, MA, USA) 

Erlenmeyer flasks Nalgene (New York, USA) 

Beakers Nalgene (New York, USA) 

Douncers Kleinfeld Labortechnik (Gehrden, Germany)  

Multi-channel pipettes Starlab (Hamburg, Germany);  

Neubauer Cell counting chamber Glaswarenfabrik Karl Hecht (Sondheim, Germany) 

Pipetting controller (Pipetboy) Integra Bioscience (Hudson, NH, USA) 

Pipetting controller (Pipetman) Gilson (Limburg, Germany) 

Axio Observer A1 inverted light microscope  Carl Zeiss (Göttingen, Germany) 
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Electroporator (Gene Pulser™) Bio-Rad (Hercules, CA, USA)  

Flow cytometer (BD LSRFortessa™) BD Biosciences (San Jose, CA, USA) 

Gene Pulser Cuvette 0.2 cm Bio-Rad Laboratories (Hercules, CA, USA)  

Haemocytometer (VetScan HM5 

Hematology System) 

Abaxis (Union City, CA, USA) 

HERACELL 150i CO2 incubator Thermo Fisher Scientific (Waltham, MA, USA) 

Microscope (Eclipse TS100) Nikon (Tokyo, Japan) 

Safety Work Bench (MAXISAFE 2020) Thermo Fisher Scientific (Waltham, MA, USA) 

Spectrophotometer ND-1000 (Nanodrop) Peqlab (Erlangen, Germany) 

Spectrophotometer Ultrospec 3100 pro Amersham Biosciences (Little Chalfont, UK) 

Eppendorf® 5702 Series Centrifuge Eppendorf (Hamburg, Germany) 

Heraeus® Megafuge 40R Centrifuge Thermo Fisher Scientific (Waltham, MA, USA) 

Heraeus® Pico 17 Centrifuge Thermo Fisher Scientific (Waltham, MA, USA) 

Sorvall® LYNX 4000 Centrifuge Thermo Fisher Scientific (Waltham, MA, USA) 

Sorvall® RC 6 Plus Centrifuge Thermo Fisher Scientific (Waltham, MA, USA) 

Sorvall® WX Ultra series Centrifuge Thermo Fisher Scientific (Waltham, MA, USA) 

TAdvanced Twin PCR thermalcycler Analytik Jena AG (Jena, Germany) 

Thermomixer Eppendorf (Hamburg, Germany) 

Mupid® One Electrophoresis System ADVANCE Co., Ltd (Tokyo,103-0004 Japan) 

Voltex mixer (Vortex Genie 2) Scientific Industries Inc. (New York, USA) 

UV transilluminator Ti 1  Biometra (Göttingen, Germany) 

Water bath GFL (Burgwedel, Germany) 

2.1.14 Software 

Software Supplier 

FACS Diva (Version 6.2) BD Biosciences (San Jose, CA, USA) 

FlowJo (Version 10.) Tree Star (Ashland, OR, USA) 

GraphPad Prism (Version 8)  GraphPad Software (La Jolla, CA, USA)  

SnapGene® (Version 4.1) GSL Biotech (Chicago, IL)  

  



35 

 

2.2 Tissue culture Methods 

2.2.1 Cell cultivation and maintenance 

Cell cultivation medium (DMEM) was supplemented as described in section 2.1.6. Frozen cell lines 

were retrieved from liquid nitrogen storage, rapidly thawed in a water bath at 37°C and re-suspended 

in pre-warmed medium. The cell suspension was centrifuged at 300 g for 5 min at room temperature 

and media aspirated. The cell pellet was re-suspended in medium and plated on cell culture dish (10 cm 

Ø). Plated cells were placed in an incubator set at 37°C, 95% humidified atmosphere and 5% CO2. Cells 

were split or passaged every 3-5 days when they reached 90-100% confluence. Thus, medium was 

discarded from culture dish and the cell monolayer gently washed with equal volume of pre-warmed 

1xPBS. The cell monolayer was detached by adding 0.25% Trypsin-EDTA solution equal to a tenth of 

the volume of cell culture medium. Cells were incubated briefly to allow trypsinization followed by 

inactivation of Trypsin with medium containing 10% FCS. The cell suspension was centrifuged at 300 

g for 5 min at room temperature and the Trypsin containing medium discarded. The cell pellet was re-

suspended in medium and cell suspension split by transferring a third, fifth or tenth of the cell 

suspension to a new culture dish. Cells were incubated at 37°C, 5% CO2 until the next passage or 

infection with virus. 

2.2.2 Preparation of mouse embryonic fibroblasts  

C57BL/6 primary mouse embryonic fibroblasts (MEFs) were prepared as previously described 

(Podlech et al., 2002) with modification. Briefly, 13-15-day pregnant C57BL/6 mouse was humanely 

euthanized under CO2 asphyxiation. Mice were taken out of CO2 chamber and confirmed to be 

completely euthanized by craniocaudal extension and cervical dislocation before removal of the uterus. 

Fetuses were collected from the uterus and immediately decapitated with a forceps in order to avoid 

suffering. Fetuses were cut into very small pieces using a scalpel, and transferred into an Erlenmeyer 

bottle containing glass beads. 10 ml of 0.25% Trypsin-EDTA solution per fetus was added to the minced 

fetuses and the Erlenmeyer bottle placed on a magnetic stirrer for 1 hour at 37°C. Afterwards, equal 

volume of DMEM supplemented with 10% FCS, 1% Glutamine, 1% Pen/Strep was added, cells 

transferred to a falcon tube and centrifuged at 1500 rpm for 10 minutes at room temperature. The cells 

pellet was re-suspended in 10 ml DMEM, filtered through 100µm cell strainer and cells plated in a T175 

tissue culture flask. Cells were incubated at 37°C, 5% CO2 for 3-5 days. Cells were split at 90% 

confluence by transferring a third of the cell suspension to new flasks. Upon attaining 80% confluence, 

the cell monolayer was washed with 1xPBS and trypsinized with 0.25% Trypsin-EDTA. Trypsin was 

inactivated with DMEM containing FCS, cell suspension, centrifuged and pellet re-suspended in 3ml 

cold freezing medium (10%DMSO-90% FCS). 1 ml of cell suspension was aliquoted into pre-chilled 

cryovials, packaged into isopropanol-filled polysterene racks and allowed to slow-freeze at -20°C for 2 

days. The cryovials were subsequently transferred to liquid nitrogen tank for long-term storage.  
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2.2.3 Cell counting 

The trypan blue exclusion method of determining cell density in a surface area was used for all cell-

counting assays according to manufacturer’s instructions. Briefly, an aliquot of cell suspension was 

mixed with 0.4% trypan blue solution at a ratio of 1:1. The mixture was applied on Neubauer cell 

counting chamber and cells counted using the100 x magnification of Axio Observer A1 inverted light 

microscope. 

2.3 2.3 Molecular Biology Methods 

2.3.1 Polymerase Chain Reaction experiments 

PCR amplification experiments were performed with ready-to-use PCR master mix containing High- 

Fidelity DNA Polymerase, MgCl2 and ultra-pure dNTPs. Specifically, I used the Q5® High-Fidelity 2X 

Master Mix to PCR amplify pG704 plasmid cloning vector to generate a linear DNA construct for En 

Passant mutagenesis cloning of recombinant MCMVIE2SL-M45SL (see section 2.3.7) and for the 

amplification of ie2, and M45 genes to determine the stability of SSIEFARL or SIINFEKL epitopes 

(see section 2.3.9). The MangoMix® 2x Reaction Mix was used to perform colony PCR experiments of 

the En Passant mutagenesis protocol (see section 2.3.7). PCR amplifications were performed in 50μl 

or 25μl reaction volumes according to manufacturer’s guidelines with optimized primers and DNA 

template concentrations as summarized in tables 2.1 - 2.6. DNA amplification reactions were performed 

in a TAdvanced Twin PCR thermalcycler. The thermocycling parameters are summarized in tables 2.7 

– 2.10. 

Table 2.1 Primers used for PCR amplification and Sanger sequencing experiments 

Primer Name 5’-3’ Sequences Purpose  

IE2ASL_Fw  5’-CTT GAC CAG AGA CCT GGT GAC CGT CAG GAA 
GAA GAT TCA GGC TGC CTC ATC GAT TGA ATT CGC 
CCG CCT CGA ATT CTA GGG ATA ACA GGG-3’ 

 
Inserting SSIEFARL epitope in 
pG704 plasmid 
 

IE2ASL_Rev 5’-TTT ATT GAT TAA AAA CCA TGA CAT ACC TCG 
TGT CCT CTC AGA GGC GGG CGA ATT CAA TCG ATG 
AAA CCA ATT AAC CAA TTC TGA-3’ 

Inserting SSIEFARL epitope in 
pG704 plasmid 
 

IE2_Fw 5’-TGA GCG CAC CTT TCG AGA CTG ATC T-3’ Amplification of full-length ie2 gene 
IE2_Rev 5’-CTA CTG CAT GCC CCT CAC ATC-3’ Amplification of full-length ie2 gene 
IE2_Fw1 5’-CGT CCT CTT GAT GGG CCT CA-3’  Sanger Sequencing of ie2 gene  
IE2_Fw2 5’-GTG AAC CTG GAA CTC TTT GGA CAT-3’  Sanger Sequencing of ie2 gene  
IE2_Rev2  5’-CCG AAG GAC TGC AGG GAC TC-3’ Sanger Sequencing of ie2 gene  
IE2_Fw3 5’-GTG GTT AAG GGA GGT AGT CTC AAC-3’ Amplification of ie2 gene 230bp C-

terminus  
IE2_Rev1 5’-AGT CTT TTA CAG GCT ACA ACG ACT GT-3’ Amplification of ie2 gene 230bp C-

terminus 
M45_Fw  5’-CTC GTA CAA GAT CCT CAG CTC CAA-3’  Amplification of M45 gene C-

terminus  
M45_Rev  5’-TCT GGC CGC ACG CTA AGC ACA AAA A-3’  Amplification of M45 gene C-

terminus 
M45_Fw1
  

5’-CGC CTC AGG CAG ATC TCG AAA GA-3’  Sanger Sequencing of M45 gene C-
terminus 
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Table 2.2 PCR setup for amplification of pG704 plasmid cloning vector  

Component  Final Concentration 

Q5® High-Fidelity 2X Master Mix 1X 
IE2ASL_Fw primer 0.5μM 
IE2ASL_Rev primer 0.5μM 
Template DNA (pG704 plasmid) 0.5-1ηg 
Nuclease free H2O Top up to 50μl 

Table 2.3 Setup for single colony PCR of En Passant mutagenesis experiments 

Component  Final Concentration 

MangoMix® 2x Reaction Mix 1X 

IE2_Fw primer 0.1μM 
IE2_Rev primer 0.1μM 
Template DNA Unknown (inoculum of single colony growing on LB agar 

plate) 
Nuclease free H2O Top up to 25μl 

Table 2.4 PCR setup for amplification of ie2 gene C-terminus approximately 230bp fragment 

Component  Final Concentration 

Q5® High-Fidelity 2X Master Mix 1X 
IE2_Fw3 0.1μM 
IE2_Rev1 primer 0.1μM 
Template DNA 0.1-1μl homogenate of virus infected mice tissues 
Nuclease free H2O Top up to 50μl 

Table 2.5 PCR setup for amplification of full-length ie2 gene 

Component  Final Concentration 

Q5® High-Fidelity 2X Master Mix 1X 
IE2_Fw primer 0.1μM 
IE2_Rev primer 0.1μM 
Template DNA 0.1-1μl homogenate of virus infected mice tissues 
Nuclease free H2O Top up to 50μl 

Table 2.6 PCR setup for amplification of 1993bp C-terminus of M45 gene  

Component  Final Concentration 

Q5® High-Fidelity 2X Master Mix 1X 
M45_Fw primer 0.5μM 
M45_Rev primer 0.5μM 
Template DNA 0.1-1μl homogenate of virus infected mice tissues 
Nuclease free H2O Top up to 50μl 

Table 2.7 Thermocycling parameters for PCR amplification of pG704 plasmid cloning vector 

Cycle step Temperature Time Cycles 

Initial DNA Denaturation 98°C 30 sec 1 
DNA Denaturation 98°C 10 sec  

35 Primer Annealing 48 °C 30 sec 
Primer Extension 72°C 1.30 min 
Final Extension 72°C 7 min 1 
Hold 4°C Indefinitely Hold 
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Table 2.8 Thermocycling parameters for colony PCR of En Passant mutagenesis experiments 

Cycle step Temperature Time Cycles 

Initial DNA Denaturation 98°C 30 sec 1 
DNA Denaturation 98°C 10 sec  

35 Primer Annealing 61 °C 30 sec 
Primer Extension 72°C 1.30 min 
Final Extension 72°C 7 min 1 
Hold 4°C Indefinitely Hold 

Table 2.9 Thermocycling parameters for PCR amplification of ie2 gene C-terminus ~230bp fragment 

Cycle step Temperature Time Cycles 

Initial DNA Denaturation 98°C 30 sec 1 
DNA Denaturation 98°C 10 sec  

40 Primer Annealing 61 °C 30 sec 
Primer Extension 72°C 1.30 min 
Final Extension 72°C 7 min 1 
Hold 4°C Indefinitely Hold 

Table 2.10 Thermocycling parameters for PCR amplification of full-length ie2 gene and M45 C-terminus 

Cycle step Temperature Time Cycles 

Initial DNA Denaturation 98°C 30 sec 1 
DNA Denaturation 98°C 10 sec  

40 Primer Annealing 61 °C 30 sec 
Primer Extension 72°C 1.30 min 
Final Extension 72°C 7 min 1 
Hold 4°C indefinitely Hold 

2.3.2 Agarose gel electrophoresis of PCR products 

2-5μL of the PCR product was mixed with 1μl of Gel Loading Dye (6X) and resolved by an 

electrophoresis current of 135 voltages for 30 min, on 1% or 2% agarose gel stained with GelRed® 

Nucleic Acid Gel Stain. PCR amplicons were detected under ultraviolet light of Biometra Ti 1 

transilluminator.  

2.3.3 Purification of PCR amplicons  

PCR amplicons were purified using QIAquick® PCR Purification Kit according to the manufacturer’s 

guidelines. Briefly, PCR amplicons were mixed with 5 volumes of buffer QG and 10 μl 3M Sodium 

Acetate. The mixture was transferred to nucleic acids binding column, centrifuged for 1 minute at 

13,300rpm. The DNA bound column was washed once with 750 μl of buffer PE, centrifuged for 1 min 

at 13,300rpm with an additional centrifugation step for 10 seconds to completely remove the wash 

buffer. The column was transferred to a nuclease-free eppendorf tube and 30 or 40 μl of buffer EB 

added to the column. The column was incubated for 1 minute at room temperature and centrifuged for 

1 min at 13,300rpm. DNA yield following purification was assessed by spectrophotometric 

measurement using the Nanodrop ND-1000 spectrometer. 
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2.3.4 Isolation of plasmid DNA  

P1RI bacteria containing the pG704 plasmid were inoculated into 5 ml LB broth supplemented with 

appropriate antibiotics and grown overnight in a bacteria shaker (220 rpm) at 37°C. On the next day, 

plasmid DNA was purified using QIAGEN® Plasmid Mini Kit according to manufacturer’s instruction. 

DNA yield was quantified using the Nanodrop ND-1000 spectrometer. 

2.3.5 Generation of electrocompetent E. coli strain GS1783  

5 ml LB was inoculated with E. coli GS1783 harboring BAC-MCMVM45SL and grown overnight. On 

the next day, 1 ml of the overnight culture was inoculated into 50 ml LB medium supplemented with 

30µg/ml chloramphenicol in an Erlenmeyer flask. Bacteria were incubated at 32°C for 1-2 hours until 

the cell density reached OD600nm of 0.5-0.6. The flask was transferred to a 42°C water bath shaker at 

220 rpm for exactly 15 min. Bacteria were transferred to chilled 50 ml falcon tubes on an ice bath. 

Tubes were centrifuged for 5 min at 5000 rpm at 1°C, supernatant discarded and the cell pellet re-

suspended in 50 ml ice-cold double distilled H2O. Cells were centrifuged again for 5 min at 500 rpm at 

1°C, supernatant discarded and the cell pellet re-suspended in 50 ml of 10% ice-cold glycerol in double 

distilled H2O (v/v). Cells were centrifuged for 5 min at 6000 rpm at 1°C, and supernatant discarded. 

Pellet was re-suspended in 1ml 10% glycerol and 60-70 µl aliquoted into pre-chilled eppendorf tubes.  

Cells were used immediately for transformation experiment or stored at -80°C until use.   

2.3.6 Electroporation of bacteria  

Electroporation is a technique of cell transformation that utilizes high electric field pulse to permeabilize 

cells. Therefore, 60-70 µl of electrocompetent E. coli strain GS1873 cells harboring BAC-MCMVM45SL 

were mixed with 300-500 ng of purified DNA. The mixture was transferred to a pre-chilled 

electroporation cuvette and electropulsed in a Gene Pulser electroporation machine set at 2500 V = 

electric tension, 200 Ω = resistance and 25 µF = capacity of condenser for 4-5milliseconds. Cells were 

retrieved and re-suspended in 1 ml pre-warmed LB medium and incubated at 32 °C, 220 rpm for 1 hour. 

Afterwards, 100 µl of bacteria was spread on an LB agar plate containing 30 µg/mL chloramphenicol 

and 60 µg/ml kanamycin. The remainder of the cells were centrifuged at 5000 rpm for 5 min, pellet re-

suspend in 100 µl LB broth and plated on another LB agar plate containing the same antibiotics. The 

plates were incubated for approximately 24-48 hours at 32°C. Successfully transformed single colonies 

were verified by PCR as described in table 2.3 and 2.8.  

2.3.7 En Passant cloning of recombinant MCMVIE2SL-M45SL  

For generation of a recombinant MCMV expressing the SSIEFARL peptide in both ie2 and M45 genes 

MCMVIE2SL-M45SL, I utilized the En Passant mutagenesis cloning method (Tischer et al., 2010) to insert 

the peptide in ie2 gene of MCMVM45SL genome which was maintained as bacterial artificial 
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Subsequently, the cell culture was supplemented with 1 ml of freshly prepared pre-warmed LB medium 

containing 30 µg/ml chloramphenicol and 2% L-arabinose and incubated for additional one hour. 

Afterwards, cells were transferred to a water bath set at 42°C, 220 rpm and incubated for another 30 

min. The cells were further incubated at 32°C, 220 rpm for 2-3 hours. The optical density of cell culture 

was determined by spectrophotometer such that cells with OD600nm = < 0.5 were diluted 1:100 and those 

with OD600nm = > 0.5 were diluted 1:1000. The diluted cells were spread on LB agar plates containing 

30 µg/ml chloramphenicol and 1% L-arabinose and incubated at 32°C for 1-2 days until average sized 

single colonies were grown. Colonies of interest were confirmed by colony PCR as described in table 

2.3 and 2.8. These were single colonies that had successfully lost the kanamycin cassette as shown in 

step C of figure 2.2. To confirm that the SSIEFARL peptide had integrated in the correct position, PCR 

was performed using primers IE2_Fw and IE2_Rev as described in table 2.5 and 2.10 and amplicons 

sequenced by Sanger method as described in section 2.3.9 and 2.3.10. 

2.3.8 Isolation of BAC DNA 

BAC-MCMVIE2SL-M45SL was purified using QIAGEN® Plasmid Midi kit according to manufacturer’s 

guidelines. Briefly, 5 ml of LB broth containing 30 µg/mL chloramphenicol was inoculated with a 

single E. coli GS1783 colony that was positively confirmed to have BAC-MCMVIE2SL-M45SL. The starter 

culture was incubated for 8 hours at 32°C, 220 rpm and subsequently used to inoculate 200 ml LB broth 

containing appropriate volume of chloramphenicol. The cell culture was allowed to grow overnight at 

32°C, 220 rpm. On the next day, the cell culture was centrifuged at 6,000 g for 15 min at 4°C and 

supernatant discarded. Cell-pellet was re-suspended in 10 ml of P1 buffer. To lyse bacteria cells, 10 ml 

of buffer P2 was added and mixed gently. The mixture was incubated for 5 min at room temperature, 

and lysis stopped by adding 10 ml of Buffer P3 (on ice). The mixture was incubated on ice for a further 

30 min followed by centrifugation for 30 min at 20,000 g at 4°C to remove cell debris. The supernatant 

was applied to an equilibrated Qiagen-tip 500 (column washed with 10 ml QBT buffer). The column-

bound BAC-DNA was washed twice with 30 ml of Buffer QC. DNA was eluted with 15 ml of pre-

warmed (65°C) Buffer QF. DNA was precipitated by mixing the eluted DNA with 0.7 volume 

Isopropanol (10.5 ml). The mixture was centrifuged at 15,000 g for 30 min at 4°C. Supernatant was 

discarded and the pellet washed with 5 ml of 70% ethanol followed by centrifugation at 15,000 g for 

10 min. The pellet was air-dried for 5-10 min and dissolved in 50-100 µl of TE buffer. The yield and 

purity of DNA was determined using the Nanodrop ND-1000 spectrometer. The BAC-MCMVIE2SL-

M45SL was stored at 4°C in 1.5 ml eppendorf tube until transfection into cells as described in section 

2.4.1. 



43 

 

2.3.9 Sequencing approach for MCMVIE2SL, MCMVIE2-

SIINFEKL, MCMVM45SL and MCMVIE2SL-M45SL 

To test the stability of the SIINFEKL or SSIEFARL in ie2 gene, I designed primer set to allow 

amplification of the ie2 gene open reading frame. Since MCMV ie2 gene is dispensable for in vivo 

replication of the virus, insertion or deletion mutations upstream of the C-terminus epitope are likely to 

result in change of the ORF, therefore the entire ORF was amplified for sequencing. Similarly, I 

designed a primer set to amplify a 1993bp C-terminus fragment of M45 gene in order to test the stability 

of SSIEFARL epitope in M45 gene. The complete ORF of MCMV M45 gene is 3522bp and since this 

gene is essential for virus replication (Lembo et al., 2004), mutation within the gene would be 

deleterious to virus growth. Thus, I focused on the C-terminus with the SSIEFARL epitope since 

mutations within the gene are rather unlikely to occur. Figures 2.3 and 2.4 illustrate the genome of 

recombinant MCMV and the binding sites for primers used for PCR and Sanger sequencing 

experiments.  

2.3.10 Sanger and NGS- Illumina Sequencing  

I used primers IE2_Fw1, IE2_Fw2, and IE2_Rev2 (see figure 2.3 and table 2.1) for sequencing full-

length ie2 gene amplicons by Sanger sequencing method. Similarly, I used primer M45_Fw1 to 

sequence the SSIEFARL peptide in M45 gene (see figure 2.3 and table 2.1). The Sanger sequencing 

protocols were implemented by Genomanalytik (GMAK) sequencing facility at HZI. In brief, Sanger 

sequencing was performed using BigDye® Terminator v3.1 Cycle Sequencing Kit (Thermo Fisher 

Scientific, Waltham, MA USA) according to the manufacturer’s guidelines. The sequencing reactions 

were performed on ABI PRISM® 310 Genetic Analyzer (Applied Biosystems Inc. Foster City, CA 

USA). For the analyses of Sanger sequencing chromatogram data sets, I used SnapGene® software 

version 4.3.4 to align the Sanger sequencing reads with reference ie2 or M45 genes sequences of the 

MCMVWT (Smith clone pSM3fr-MCK-2fl, GenBank Accession: KY348373.1) or nucleotide sequences 

of the recombinant MCMVIE2SL and MCMVM45SL. Mutations were scored based on occurrence of an 

alternative sequence reads in the aligned sequences.  

Alternatively, PCR amplicons were sequenced by next-generation sequencing (NGS) method on 

Illumina Sequencing platform also offered by GMAK sequencing facility at HZI.  In brief, DNA library 

for NGS sequencing of full length ie2 gene or 1993kb C-terminus fragment of M45 gene PCR 

amplicons was prepared using NEBNext® Ultra™ II FS DNA Library Prep Kit (New Englands Biolabs, 

County Rd, Ipswich, MA, USA) according to manufactures guidelines. The sequencing reactions were 

performed on Illumina MiSeq platform. NGS metadata sets were analyzed using bioinformatics tools 

Burrows-Wheeler Aligner MEM algorithm and SAMtools (Koboldt et al., 2012; Li et al., 2009). In 

brief, sequence data was aligned with reference sequence using Burrows-Wheeler Aligner MEM 
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2.4 Virology Methods 

2.4.1 BAC-transfection 

NIH 3T3 cells were transfected with 2μg DNA of the purified BAC-MCMVIE2SL-M45SL using FuGENE® 

HD Transfection reagent according to manufacturer’s guidelines. Briefly, 2μg of BAC-MCMVIE2SL-

M45SL DNA was mixed with 4 µl of FuGENE® HD Transfection reagent and 96 µl of Opti-MEM 

medium. The transfection mixture (100 µl) was incubated for 20 min at room temperature. The 

transfection mixture was applied to NIH 3T3 cells monolayer at 60-80% confluence in a 12-well plate 

and incubated for 5 hours at 37°C, 5% CO2. The medium was replaced with 1 ml of DMEM 

supplemented with 10% FCS 1% Pen/strep and 1% L-glutamine and cells incubated for 4-7 days to 

allow formation of infectious virus particles as determined by emergence of cytopathic effects (CPE) 

on the cell monolayer. Afterwards, 1 ml aliquots of the supernatants were archived at -80°C for use as 

the inoculum for passaging BAC-MCMVIE2SL-M45SL in M2-10B4 cells. 1 ml aliquot of the supernatants 

was used to infect monolayer of M2-10B4 cells in a T25 flask at 50-60% confluence. M2-10B4 cells 

were incubated at 37°C, 5% CO2 until they were completely lysed. The supernatants were serially 

passaged in M2-10B4 cells five times. Serial passage of the supernatants in M2-10B4 cells five times 

results in stochastic loss of the BAC backbone from MCMV genome during in vitro packaging of new 

MCMV infectious particles (Wagner et al., 1999). Therefore, passage five (P5) supernatants containing 

BAC-free MCMVIE2SL-M45SL were collected and archived at -80°C until preparation of virus stock as 

described in section 2.4.2.  

2.4.2 Preparation of MCMVs stocks 

MCMVIE2SL-M45SL and salivary glands virus (SGV) stocks was generated as previously described with 

some modifications (Jordan et al., 2011). First, pre-infection virus was prepared using M2-10B4 cells 

in two plates (14.5 cm Ø) by infecting the cells with archived P5 supernatants of BAC-free MCMVIE2SL-

M45SL or supernatants of SGVs infected M2-10B4 cells (see section 2.4.6). The pre-infection plates were 

incubated at 37°C, 5% CO2 for 4-5 days until majority of the cells were lysed. The supernatants and all 

adherent cells were harvested and stored at -80°C. Next, fifteen plates (14.5 cm Ø) with M2-10B4 cells 

were prepared as described in section 2.2.1. Upon reaching 90-100% confluence the cells were 

harvested by trypsinization as described in section 2.2.1 and pooled into two T175 flasks. The cells 

were infected by mixing them with the archived pre-infection virus supernatants. The volume of 

infected M2-10B4 cells suspension was adjusted to ~800 ml with DMEM supplemented with 10% FCS 

1% Pen/strep and 1% L-glutamine and distributed into forty plates (14.5 cm Ø). The plates were 

incubated at 37°C, 5% CO2 for 4-5 days until more than 80% of the cells were lysed. Afterwards, 

supernatants and all adherent cells were harvested and pooled into sterile beakers for virus purification. 

The subsequent steps including centrifugation steps were carried out on ice or at 4°C. Harvested 

supernatant and cells were centrifuged for 15 min at 6,000 rpm in Survall® Lynx4000 centrifuge with 
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rotor F-12. Supernatants were transferred to a fresh beaker. The pellet was re-suspended in 4 ml of cold 

medium and transferred to pre-chilled douncer. Cells were dounced 20 times in order to release virus. 

The cell lysate was transferred to sterile tubes and centrifuged for 10 min at 12,000 rpm in Survall® 

Lynx4000 centrifuge with rotor F-12. The supernatants from both centrifugation steps were pooled and 

centrifuged once more for 3.5 hours at 13,000rpm. Afterwards, the supernatant was discarded and the 

virus-containing pellet re-suspended in 4 ml DMEM. The suspension was transferred to pre-chilled 

douncer and dounced 20 times. Subsequently, the virus lysate was purified on sucrose-VSB cushion by 

first adding 5 ml of cold 15% Sucrose-VSB buffer to sterile plastic ultracentrifugation tubes. The virus 

lysate was then carefully applied on top the 15% Sucrose-VSB buffer. Finally, the tubes were carefully 

filled with VSB buffer without mixing the three layers. The tubes were centrifuged for 1 hour 20 min 

at 20,000 rpm in Sorvall® WX Ultra series ultracentrifuge with rotor TH641. The supernatants were 

discarded and the pellet re-suspended in 1 ml of VSB buffer. The suspension was transferred in pre-

chilled douncer and dounced 20 times. The lysate was transferred to 2 ml eppendorf tube and 

centrifuged for 2 min at 3,500 rpm in Eppendorf® 5702 Series centrifuge with rotor F45-24-11. The 

supernatants were transferred to another eppendorf tube and centrifuged again for 2 min at 3,500 rpm 

to generate purified virus stock. The virus stock was aliquoted (30-50 µl) in 0.5 ml eppendorf tubes and 

archived at -80°C until quantification of titer as described in section 2.4.3 and sequencing to test the 

stability of SSIEFARL peptide as described in section 2.3.10.  

2.4.3 Quantification of MCMVs titers 

The titer of MCMVs in purified virus stocks, cell culture supernatants and virus load in organs of 

MCMV infected mice was determined by virus plaque assay as initially described by (Reddehase et al., 

1985) and later by (Čičin-Šain et al., 2005) with some modification. Essentially, plaque assays were 

performed with mouse embryonic fibroblasts prepared from C57BL/6 mouse as described in section 

2.2.2.  

MEFs in 48-well plates were prepared as described in section 2.2.1 and used for plaque assays when 

they reached 50-60% confluence. First, purified virus stocks or supernatants of virus infected NIH 3T3 

cells (see section 2.4.4) were diluted 1:10 by mixing 20 µl of the virus with 180 µl of cold DMEM 

(supplemented with 5% FCS 1% Pen/strep and 1% L-glutamine). The mixture was further diluted from 

1:102 to 1:109 by serial transfer of 50 µl to 450 µl medium. The serial dilution was performed in triplicate 

in wells of 48-well plate. Next, the culture medium in the 48-well plate containing MEFs was aspirated 

and replaced with 200 µl of titrated virus. The plate was incubated for 1 hour at 37°C, 5% CO2 to allow 

infection of cells. Afterwards, the virus-containing medium was aspirated and the MEFs overlaid with 

200 µl of pre-warmed carboxymethylcellulose to prevent virus spread to adjacent cells. The titration 

plate was incubated at 37°C, 5% CO2 for 4 days followed by plaques counting using an inverted light 
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microscope. The titer of virus in plaque forming units per ml (PFU/ml) was determined using the 

following formula; PFU/ml = N x D x 5 

 (N = the median total number of plaques from the triplicate wells, D = dilution factor) 

NB: A virus stock (MCMVWT) with known titer was included as a reference in order to validate the 

accuracy of each virus titration assay.  

Similarly, virus plaque assay was used to determine virus titer in organs on MCMV infected mice. The 

organs (salivary glands, lungs, liver and spleen) were retrieved from -80°C storage and thawed on ice. 

Organs were placed on the mesh of a 100µM cell strainer and homogenized in 5 ml DMEM 

(supplemented with 5% FCS 1% Pen/strep and 1% L-glutamine). 50 µl of the homogenate was mixed 

with 450 µl medium in wells of a 48-well plate and serially diluted from 1:101 to 1:104 in duplicate 

wells. The titrated homogenates were applied on a monolayer of MEFs, by replacing the culture medium 

of MEFs with 200 µl of the homogenate. The plate was centrifuged for 30 min at 2,000 rpm at room 

temperate in order to enhance infectivity of MEFs followed by incubation for 30 min at 37°C, 5% CO2.  

Afterwards, the virus homogenate was aspirated and replaced with 200 µl of pre-warmed 

carboxymethylcellulose. Plate was incubated at 37°C, 5% CO2 for 4 days followed by plaques counting 

using an inverted light microscope. The titer of MCMVs in plaque forming units per organ (PFU/organ) 

or PFU/gram was calculated using the following formula. 

 PFU/organ = 𝑁 𝑥 12.5 𝑥  𝐷 

PFU/gram = N x 12.5 x  D𝑊  

 (N = Sum of plaques counted in duplicate wells, D = Dilution Factor, W= weight of organ in grams)   

2.4.4 In vitro growth kinetics of recombinant MCMVIE2SL-

M45SL 

The in vitro growth fitness of MCMVIE2SL-M45SL compared to MCMVWT was evaluated in NIH 3T3 cells. 

Briefly, NIH 3T3 cells were seeded into 24-well plates (104 cells per well) and incubated overnight at 

37°C, 5% CO2. Prior to infection of the NIH 3T3-cells monolayer (60-70% confluence) the number of 

cells per well in the 24 well plates were determined by cell counting as describe in section 2.2.3. The 

NIH 3T3 cells monolayer was infected with the recombinant MCMVIE2SL-M45SL or MCMVWT at 

multiplicity of infection (MOI) of 0.1. The viruses were allowed to infect the cells for one hour upon 

which the inoculum was removed. Cells were washed with 1xPBS and replenished with fresh DMEM 

(supplemented with 5% FCS 1% Pen/strep and 1% L-glutamine) followed by incubation for 6 days at 
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37°C, 5% CO2. In the course of the 6-day incubation period at 24hr intervals, 1ml supernatant was 

collected and stored at -80°C until titration on MEFs as described on section 2.4.3.  

2.4.5 In vivo growth kinetics of recombinant MCMVIE2SL-M45SL  

For comparison of in vivo growth fitness between MCMVIE2SL-M45SL and MCMVWT, groups of five 

BALB/c mice were infected with 2x105 PFUs of the viruses via intraperitoneal route. Mice were 

humanely sacrificed after 5 or 21 days of infection and salivary glands, lungs, liver and spleen 

aseptically isolated. The organs were suspended in DMEM supplemented with 5% FCS 1% Pen/strep 

and 1% L-glutamine and archived at -80°C until determination of virus load on MEFs cells as described 

in section 2.4.3.  

2.4.6 Preparation of salivary glands viruses (SGVs) 

Salivary glands were retrieved from -80°C storage and thawed on ice. Salivary glands of mice infected 

with the same virus (see section 2.5.4) were gently homogenized in 2 ml DMEM (supplemented with 

5% FCS 1% Pen/strep and 1% L-glutamine) and passed through 100µM cell strainer. The homogenate 

was transferred to a pre-chilled douncer and dounced 20 times. Tissue debris in the homogenate was 

removed by centrifugation for 5 min at 2000 rpm, 4°C. Supernatant of the SGVs homogenate (200 µl) 

was applied on a 60-70% confluent monolayer of M2-10B4 cells in 6-well plate and cell culture medium 

adjusted to 2 ml. Cells were incubated at 37°C, 5% CO2 to allow SGVs to infect cells and form 

infectious virus particles in the supernatants. When most of the cells were lysed, supernatants were 

harvested and used for further propagation of the SGVs virus stocks in M2-10B4 cells as described in 

section 2.4.2. The titer of SGVs was determined by virus plaque assay on MEFs as described in section 

2.4.3 and stability of SSIEFARL peptide confirmed through sequencing as described in section 2.3.10.   

2.5 Immunology Methods 

2.5.1 Adoptive cell transfer in RAG2γC-/- mice 

The adoptive transfer experiments of OTI specific T cells in MCMVIE2-SIINFEKL infected RAG2γC-/- mice 

were performed in the lab of Prof. Dr. Dirk Busch, our collaborators in the Technical University of 

Munich. My contribution in these adoptive T-cell transfer experiments was limited to characterization 

of mice tissues using virus titers quantification assay (see section 2.4.3), and PCR & Sanger sequencing 

(see sections 2.3.9 and 2.3.10). These experiments were used to test whether CD8 T cells specific for a 

single viral epitope are sufficient for adoptive immunotherapy of CMV disease. 

In brief, 104 naïve OT-I T cells were adoptively transferred via intraperitoneal injection into RAG2γC-

/- mice. After 24 hours, mice were challenged with 5×104 PFU of recombinant MCMV expressing the 

SIINFEKL antigen in ie2 gene (MCMVIE2-SIINFEKL). Immune protection against MCMV disease 
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3. Results 

3.1 Immune protection against CMV disease by adoptive 

transfer of CMV specific T-cells is temporary  

Adoptive immunotherapy relies on the transfer of specific T-cell populations against a defined CMV 

antigen, and its effectiveness was demonstrated in short-term animal experiments (Ho, 1980; Reddehase 

et al., 1985), but less is known about long-term outcomes. To define the minimal requirements for long-

term control of CMV infection by adoptive transfer of antigen specific CD8 T cells, I teamed up with 

our collaborators in the Technical University of Munich to test various formulations of CD8 T cells in 

experimental adoptive immunotherapy and long-term health monitoring. We used the recently 

described (Baumann et al., 2018) recombinant MCMV expressing the ovalbumin antigen (SIINFEKL) 

in the C-terminus of the MCMV immediate early-2 gene (MCMVIE2-SIINFEKL) to infect the highly 

susceptible RAG2γC-/- mice and measure immune protection by cognate TCR-transgenic OT-I cells 

(Hogquist et al., 1994). Mice were adoptively transferred with 104 naïve OT-I cells and 24h later 

challenged with 5×104 PFU of MCMVIE2-SIINFEKL. Weight and mortality were monitored.  See section 

2.5.1 figure 2.5 for an overview of the experimental design. Control mice, infected in absence of OT-I 

cells, rapidly lost weight and were euthanized when they lost more than 20% of body weight, in 

compliance with animal welfare regulations (this was used as proxy of mortality throughout the study). 

The mice that received 104 naïve OT-I cells survived the infection initially, but the weight loss and 

mortality were merely delayed for approximately 4 weeks (Figure 3.1A-B).  

 

Figure 3.1 Immune protection of RAG2γC-/- mice after adoptive immunotherapy with naïve OT-I cells.   

OT-I cells were intravenously injected into RAG2γC-/- mice (n=3), 24h prior to challenge with 5×104 PFU MCMVIE2-SIINFEKL. 

(A) Weight-loss (mean weight +/- SEM) or (B) survival (Kaplan-Meyer curves indicate % of surviving mice) were compared 

to control mice challenged in the absence of OT-I cells (n=4).  

This delayed mortality was surprising, indicating that the protection was only temporary. To test if this 

was due to the inability of naïve OT-I cells to get primed and establish a long-term reservoir in RAG2γC-
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/- mice, OT-I cells were primed in C57BL/6 mice prior to adoptive cell transfer (ACT). CD27+CD62L+ 

central memory CD8 T cells (TCM) vigorously proliferate upon ACT  (Graef et al., 2014) and are 

maintained in MCMV-infected mice upon transfer (Snyder et al., 2008). Therefore, 

CD45.1+CD27+CD62L+ OT-I cells were isolated and transferred to CD45.2 C57B/6 mice, which were 

infected with 5×104 PFU MCMVIE2-SIINFEKL, and CD45.1+ central memory precursor T-cells (TCMp) 

OT-I cells sorted from the peripheral blood of mice at 5 months post infection. 100 or 1000 TCMp OT-

I cells were adoptively transferred to RAG2γC-/- mice and 24hrs after the transfer, the mice were 

challenged with 5×104 PFU MCMVIE2-SIINFEKL (see figure 2.6 in section 2.5.1).  

While ACT protected mice from lethal CMV disease early upon infection (Figure 3.2A-B), there was 

no improvement in long-term immune protection over the adoptive transfer of naïve OT-I cells (Figure 

3.1A-B) and there was no significant difference in immune protection upon ACT of 100 or 1000 OT-I 

specific TCMp. 

 

Figure 3.2 Immune protection of RAG2γC-/- mice after adoptive immunotherapy with primed OT-I CD8 T cells.  

RAG2γC-/- mice were adoptively transferred with splenic central memory (CD27+/CD62L+) OT-I T cells (TCM) and then 

infected with 5×104 PFU MCMVIE2-SIINFEKL (n=7). (A) Weight-loss (mean weight +/- SEM) or (B) survival were compared to 

control mice challenged in absence of OT-I cells (n=4). 

Taken together, the transient immune protection by ACT of OT-I cells suggested that the T cells 

recognized the target peptide and controlled the virus, but also that this was not sufficient to elicit a 

long-term protective immunity against MCMV. 
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3.2 Unlimited supply of antigen specific CD8 T-cells provides 

only transient immune protection against CMV disease  

Based on the outcome of adoptive transfer of OT-I cells in RAG2γC-/- mice, I considered the possibility 

that transient immune control of MCMV infection could be explained by a limited supply of CD8 T 

cells in ACT conditions. Therefore, I next tested immune protection upon direct infection of T cell 

receptor (TCR) transgenic (TCR-Tg) mice with MCMVs expressing the cognate antigenic epitope. To 

test if a natural viral epitope will provide immune protection, I used the previously published 

MCMVIE2SL and MCMVM45SL (Dekhtiarenko et al., 2013) expressing the Kb-restricted SSIEFARL 

peptide (Wallace M. E., 1999) derived from the glycoprotein B (gB) of herpes simplex virus type I 

(HSV1). I chose these two mutants as their ability to elicit  T-cell responses to the SSIEFARL epitope, 

and the functionality of these responses upon challenge with viruses sharing the same epitope were 

extensively documented in vivo (Borkner et al., 2017; Dekhtiarenko et al., 2013; Dekhtiarenko et al., 

2016). The MCMVIE2SL expresses the peptide within the non-essential ie2 gene (Cardin et al., 1995), 

whereas the MCMVM45SL encodes it in the in vivo essential M45 gene (Lembo et al., 2004). RAG2-/- 

mice were crossed with TCR-Tg gBT-I mice (Mueller et al., 2002), expressing in germline the 

SSIEFARL-Kb specific TCR. Thus, gBT-I×RAG2-/- mice have exclusively SSIEFARL specific CD8 T 

cells in their lymphocyte pool. These mice were infected with 5×105 PFU of MCMVIE2SL or 

MCMVM45SL and compared with MCMVWT-infected controls (see section 2.5.2 figure 2.7). While mice 

infected with MCMVWT succumbed to MCMV infection within 10 days of infection, those infected 

with the recombinant MCMVs were initially protected, demonstrating an antigen-dependent protective 

effect (Figure 3.3A-B).  

 

Figure 3.3 Immune control of CMV infection by CD8 T cells specific for a single CMV epitope.  

Adult gBT-I×RAG2-/- mice were infected with 5×105 PFU of MCMVIE2SL (n=9), MCMVM45SL (n=5) or MCMVWT control 

(n=5). Animals were weighed daily in (A), their weight calculated as percentages relative to the initial weight, and group 

averages of these values (+/- SEM) are shown. Kaplan Meyer curves in (B) indicate time points when mice were considered 

too ill to recover and removed from the experiment to minimize further suffering.  
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However, the protection was short-lived, because even the infection with SSIEFARL-expressing 

MCMVs killed the mice within 4-10 weeks after infection. There was no overt difference in the timing 

of death upon infection with MCMVIE2SL or MCMVM45SL. Alternatively, gBT-I×RAG2-/- mice were 

infected with lower dose (2×105 PFU) of the viruses. Similar to the previously described situation, I 

observed transient epitope-specific immune protection followed by delayed mortality (Figure 3.4A-B).   

 

Figure 3.4 Immune control of CMV infection by CD8 T cells specific for a single CMV epitope.  

Adult gBT-I×RAG2-/- mice were infected with 2×105 PFU of MCMVIE2SL (n=10), MCMVM45SL (n=9) or MCMVWT control 

(n=14). Animals were weighed daily in (A), their weight calculated as percentages relative to the initial weight, and group 

averages of these values (+/- SEM) are shown. Kaplan Meyer curves in (B) indicate time points when mice were considered 

too ill to recover and removed from the experiment to minimize further suffering. Pooled data from two independent 

experiments are shown. 

To understand why the mice died with a delay in presence of epitope specific T cells, I tested the in vivo 

replication of recombinant MCMVs in the presence of SSIEFARL or SIINFEKL-specific CD8 T cells. 

Thus, I tested the infectious virus titers by plaque assay in organ homogenates at 5 or 21-day post 

infection (dpi), or at the time when mice had to be euthanized (see first and second columns of figure 

3.5A-D). I observed that the titers of MCMVs expressing SSIEFARL were substantially lower than 

MCMVWT titers in all tested organs at 5 dpi, indicating an antigen-specific immune control of the 

recombinant viruses. By dpi 21, no mice infected with MCMVWT survived, making direct comparisons 

of virus titers between groups impossible. However, the infectious titers of recombinant MCMVs in 

lungs, liver and spleen were not increased over those observed at dpi 5. The one exception were the 

titers in salivary glands, which were elevated, in line with virus titer kinetics observed in 

immunocompetent mice (Brodsky and Rowe, 1958), and in line with the observation that CD8 T cells 

alone may not control MCMV in salivary glands, because CD4 T cells are essential for virus clearance 

from this compartment (Jonjić et al., 1989; Jonjić et al., 1990; Verma et al., 2016). At time of death, 
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however, organ titers were elevated to similar extent in all organs of mice infected with recombinant 

MCMVs or MCMVWT (see last column of figure 3.5A-D). 

 

Figure 3.5 Epitope specific control of recombinant MCMVs replication in organs of gBT-I TCR transgenic 

mice  

Adult gBT-I×RAG2-/- mice were intraperitoneally infected with 2x105 PFUs of indicated viruses. Virus titers in salivary glands 

(A) lungs (B) liver (C), and spleen (D) were determined by plaque asay at dpi 5, 21 or at the time of euthanasia of indicated 

animals. The dashed line represents the detection limit of the assay and highlights titer equivalent to a single plaque 

corresponding to 125 PFU/ml. Each symbol indicates one mouse and the solid line represents group mean titer with standard 

deviation. Significance was assessed by One-way ANOVA (three groups) and t-test (two groups). *P=0.05, **P=0.01. 
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Similarly, after titrating virus from four of the RAG2γC-/- mice that were adoptively transferred with 

CD45.1+CD27+CD62L+ OT-I cells to control MCMVIE2SIINFEKL infection, I observed high titers in 

salivary glands and lungs at the time of death that could be linked with loss of immune protection by 

antigen specific T cells upon ACT (Figure 3.6). For historical reasons, it was not possible to compare 

these virus titers to those in mice that did not receive OT-I cells (see figure 3.6). Nevertheless, the high 

titers in the lungs suggested that the OT-I cells might have lost the ability to control virus replication. 

 

Figure 3.6 Epitope specific control of MCMV upon adoptive transfer of OT-I specific T cells in RAG2γC-/- 

mice.  

RAG2γC-/- mice were adoptively transferred with 100 (mice 5, 6 and 7) or 1000 (mouse 8) pTCM OT-I cells and subsequently 

challanged with with 5x104 PFUs of MCMVIE2-SIINFEKL. Titers of MCMVIE2-SIINFEKL in salivary gland, lungs and spleen were 

determined by virus titration assay at time of euthanasia for each animal. Each symbol indicates one mouse. The dashed line 

represents the detection limit of the assay and highlights titer equivalent to a single plaque corresponding to 125 PFU/ml. 

To investigate whether T-cell dysfunction might have contributed to poor long-term immune control of 

the recombinant viruses, blood from gBT-I×RAG2-/- was collected at the same time points post infection 

with the recombinant MCMVs as the organ collection (see fig. 2.7) and the transgenic CD8 T cells were 

stained with antibodies against markers associated with immune cells exhaustion. Immune staining 

showed a modest accrual of PD-1 expression in some of the tested mice (Figure 3.7), yet a majority of 

the cells showed a non-exhausted phenotype (KLRG1+/CD127-/PD-1-). Hence, T-cell exhaustion 

could not explain the loss of immune protection. Taken together, these results indicated that antigen 

specific T cells lost control of recombinant MCMVs replication in the OT-I cells adoptive transfer and 

gBT-I TCR transgenic settings.   

 

 

 







61 

 

Notably, only the amplicons from salivary glands of mice infected with MCMVIE2SL showed a tendency 

towards size polymorphisms, whereas all of the IE2 amplicons from MCMVM45SL infected mice retained 

the original size (Figure 3.9).  

To assess the peptide sequence more directly, I sequenced the PCR amplicons of the full-length ie2 

gene or of the 1993bp-long C-terminus fragment of the M45 gene by Sanger or Next-Generation 

sequencing (NGS) (see section 2.3.9). Sanger sequencing was performed with multiple primer sets with 

overlapping sequence reads, to correctly base-call each nucleotide position. In most of the mice that 

succumbed to infection, MCMV genomes showed non-synonymous mutations that abolished the 

expression of the antigenic peptide in at least some of the tested organ. For example, MCMVIE2SL 

isolated from the lung and spleen had a single nucleotide polymorphism (SNP) that substituted a 

thymine for a cytosine changing the SSIEFARL sequence to SSIEFARP (Figure 3.10). This mutation 

was not present in the virus initially used to infect the gBT-I×RAG2-/- mice (see figure 3.10 uppermost 

aligned sequence).   

 

Figure 3.10 Alignment of ie2 gene sanger sequencing reads from MCMVIE2SL infected mice.  

Sanger sequence reads of MCMVIE2SL isolated in the lung (middle sequence) or spleen (bottom sequence) is aligned with 

MCMVIE2SL that was used to infect gBT-I×RAG2-/- mice (top sequence). After in vivo passage of MCMVIE2SL, the C-terminus 

Leucine of the epitope is swapped with Proline by a SNP that replaces thymine with a cytosine residue.  

Interestingly, the most common mutation in the ie2 gene of MCMVIE2SL infected mice was a frame-

shift deletion or insertion of a single cytosine residue at amino acid position 354, a region characterized 

by seven repetitive cytosine residues within the ie2 gene while SNPs within the peptide itself were much 

less frequent (Figure 3.11). This mutation was not present in the wild-type ie2 gene of MCMVM45SL 

(see figure 3.11 uppermost aligned sequence). 
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Figure 3.11 Alignment of ie2 gene sanger sequencing reads from MCMVIE2SL and MCMVM45SL infected mice.  

Sanger sequence reads of MCMVIE2SL isolated in the liver (middle sequence) or spleen (bottom sequence) is aligned with 

MCMVM45SL that replicated in gBT-I×RAG2-/- mice (top sequence) for almost the same period. Deletion of a cytosine in a 

region with repetitive cytosine residues is present in MCMVIE2SL but missing in the ie2 gene of MCMVM45SL.  

Similarly, I observed SIINFEKL epitope deleterious mutations in viruses isolated from the salivary 

glands, livers and spleens of the RAG2γC-/- mice. The most common mutation was a deletion of the C-

terminus region together with the SIINFEKL epitope (Figure 3.12). 

 

Figure 3.12 Alignment of sanger sequencing reads from MCMVSIINFEKL infected mice  

Sanger sequence reads of MCMVIE2SIINFEKL isolated from salivary glands, lungs and spleens (denoted by sg, lg and sp 

respectively) of RAG2γC-/- mice (number 5-8) are aligned with MCMVIE2SIINFEKL that was used to infect the mice (top 

sequence). Deletion of a fragment in the C-terminus of ie2 gene removed the SIINFEKL epitope in some sequences.  

On the other hand, the mutations observed in the M45 gene of MCMVM45SL were typically SNP 

mutations in the peptide sequence itself or very close to it (Figure 3.13), likely because M45 is essential 

for MCMV in vivo replication (Lembo et al., 2004).  
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Figure 3.13 An alignment of sanger sequencing reads from MCMVM45SL infected mice.  

Sanger sequence reads of MCMVM45SL isolated from liver and lung of single mouse number 12 (bottom two sequence) or lung 

of mouse number 14 (second from top sequence) is aligned with MCMVM45SL that was used to infect gBT-I×RAG2-/- mice 

(top sequence). SNP mutation in epitope sequences of MCMVM45SL in the lung and liver of mouse number 12, and deletion 

mutation of nucleotide adjacent to the epitope of MCMVM45SL in lung of mouse number 14 is shown. 

An overview of mutations identified by Sanger sequencing in various organs of all tested mice as well 

as the number of mice that showed no epitope-deleterious mutations in an organ is shown in tables 

3.1, 3.2, 3.3 and figure 3.14  

Table 3.1 Immune escape mutations detected by Sanger sequencing in MCMVM45SL 

 

Organ 

Type of mutation  

Frame Shift 

Insertion 

Frame Shift 

Deletion 

SNP No mutation 

detected 

Lungs 
n=8 

0 2 4 2 

Liver 
n=8 

0 2 6 1 

Spleen 
n=4 

1 1 1 1 
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Table 3.2 Immune escape mutations detected by Sanger sequencing in MCMVIE2SL 

 

Organ 

Type of mutation  

Frame Shift 

Insertion 

Frame Shift 

Deletion 

SNP No mutation 

detected 

Lungs 
n=12 

0 6 1 5 

Liver 
n=12 

0 5 3 5 

Spleen 
n=9 

1 2 1 5 

Table 3.3 Immune escape mutations detected by Sanger sequencing in MCMVIE2-SIINFEKL 

 

Organ 

Type of mutation  

Frame Shift 

Insertion 

Frame Shift 

Deletion 

SNP No mutation 

detected 

Lungs 
n=4 

0 4 0 0 

Spleen 
n=4 

0 4 0 0 

Salivary glands 
n=3 

0 3 0 0 

 

 

Figure 3.14 Distribution of epitope deleterious mutations in organs of infected mice 

MCMV genomes were isolated from lungs, liver, spleen and salivary glands of mice that succumbed to MCMV infection, 

PCR amplified and sequenced by Sanger method to identify immune escape mutations in the region corresponding to location 

of SSIEFARL peptide in ie2 and M45 genes or SIINFEKL in ie2 gene. The shaded bars represent the n of mice with epitope 

deleterious mutations, while the clear bars show the n of mice with no changes in the sequence. 
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To test if some mutations occurred at a frequency that was too low for detection by the Sanger 

sequencing method, I tested the amplicons from salivary glands of MCMVIE2SL and MCMVM45SL 

infected mice by NGS analyses, utilizing 250bp amplicons with at least 30,000 times reads for each 

base position. This allowed the identification of infrequent mutations and high-fidelity scoring of their 

frequencies. In most of the MCMVIE2SL infected mice, I observed additional and less frequent frame-

shift deletion or insertion mutation at amino acid position 394, marked by seven consecutive guanosines 

(position 1519 on Table 3.4). Furthermore, all mice infected with MCMVM45SL showed several low-

frequency mutations within the terminal part of the M45 gene, where the peptide was inserted (Table 

3.5). Epitope deleterious INdel mutations were more frequent in genomes expressing the SL peptide in 

ie2 gene while SNP mutations were more prevalent in those expressing the peptide in M45 gene (Figure 

3.15). A summary of mutations detected by NGS analyses at the single mouse level and their frequency 

of occurrence within the ie2 or M45 genes of viruses isolated from the salivary glands at the time these 

viruses killed the mice is shown in Figure 3.16.  

Table 3.4 Immune escape mutations of MCMVIE2SL detected by NGS sequencing in salivary glands viruses 

 

KEY:

+ DELETION MUTATION

+ INSERTION MUTATION

+ SINGLE NUCLEOTIDE POLYMORPHISM (SNP)

- NO MUTATION

SG SALIVARY GLANDS

IE2WT IE2 gene of MCMV strain Smith clone pSM3fr-MCK-2fl GenBank Accession number KY348373.1

IE2SL SSIEFARL peptide fused to IE2 gene C terminus corresponding to position 1745-1777

 Position of the analyses map 1401 1408 1519 1628 1630 1749 1401 1519 1773

Reference T C C C G C T C T Cummulative 

Allele */-C */-T */-G */-AGATGGTT*/-ATGGTTATTCGCCCGCCTCTGA */+C */+G C Frequency 

MCMV-IE2SL-SG1 95.67% - 1.39% - - - - - - 97.06%

MCMV-IE2SL-SG2 69.45% - 3.87% - - - 3.46% 7.92% - 84.70%

MCMV-IE2SL-SG3 81.24% 7.35% 1.58% - - - 1.08% 1.08% - 92.33%

MCMV-IE2SL-SG4 44.53% - 7.40% - - 2.15% - 2.98% - 57.06%

MCMV-IE2SL-SG5 94.76% - 1.44% - - - - - - 96.20%

MCMV-IE2SL-SG6 - - 1.30% - - - - - 71.92% 73.22%

MCMV-IE2SL-SG7 12.07% - - - - - 21.06% 49.19% - 82.32%

MCMV-IE2SL-SG8 11.66% - 1.62% 81.10% 1.18% - - - - 95.56%

MCMV-IE2SL-SG9 92.44% - 1.69% - - - - - - 94.13%

MCMV-IE2WT-SG18 - - 1.57% - - - - - - 1.57%

MCMV-IE2WT-SG19 - - 1.58% - - - - - - 1.58%

MCMV-IE2WT-SG20 - - 1.54% - - - - - - 1.54%

MCMV-IE2WT-SG21 1.05% - 1.74% - - - - - - 2.79%

MCMV-IE2WT-SG22 - - 1.60% - - - - - - 1.60%

MCMV-IE2WT-SG23 - - 1.50% - - - - - - 1.50%

Repetitive Change Repetitive Change Change 15 codons Repetitive Repetitive Leu to 

CCCCCCC ORF GGGGGGG ORF ORF Deletes CCCCCCC GGGGGGG Pro

SSIEFARL

Remarks
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Table 3.5 Immune escape mutations of MCMVM45SL detected by NGS sequencing in salivary glands viruses 

 

 

Figure 3.15 INdel and SNPs mutations of MCMVIE2SL and MCMVM45SL isolated from the salivary glands 

MCMVIE2SL had more frame shift insertion or deletions mutations while MCMVM45SL showed higher frequency of SNP 

mutations. 

 

Figure 3.16 Summary of epitope deleterious mutations of MCMVs replicating in the salivary glands. 

The dotted circles represent mice that recombinant MCMV genomes were isolated in the salivary glands at the time of 

euthanasia. Mutations of SSIEFARL epitope was determined by NGS analyses. Cumulative frequency of alternate nucleotide 

reads within the sequenced ie2 or M45 genes for each virus is shown as a percentage. Mice infected with MCMVIE2SL have 

the higher mutation scores than to those infected with MCMVM45SL.   

KEY:

+

+

+ SINGLE NUCLEOTIDE POLYMORPHISM (SNP)

-

SG SALIVARY GLANDS

M45WT M45 gene of MCMV strain Smith clone pSM3fr-MCK-2fl GenBank Accession number KY348373.1

M45SL SSIEFARL peptide fused to M45 gene C terminus corresponding to position 103-141

 Position on the analyses map 130 157 164 129 131 111 113 119 120 123 129 132 132

Reference G A A A G G G T C T A T T Cummulative 

Allele */-GT */-G */-TACT */+G */+T A T C A A C G G Frequency 

MCMV-M45SL-SG10 - - - - - - - 1.02% - 1.14% - 4.19% 3.08% 9.43%

MCMV-M45SL-SG11 3.25% - - - - - - - - - 1.36% 3.40% 2.76% 14.02%

MCMV-M45SL-SG12 - - - - 2.25% - 34.71% - 5.45% - - 2.33% 2.06% 49.05%

MCMV-M45SL-SG13 - 10.45% 1.31% 3.25% 22.82% 7.90% - - 1.93% - - 2.02% 2.05% 89.56%

MCMV-M45SL-SG14 11.47% - - - - - - - - - 1.13% 3.22% 2.25% 29.54%

MCMV-M45SL-SG16 - - - - - - - - - - - 3.96% 3.17% 7.13%

MCMV-M45WT SG18 - - - - - - - - - - - - - 0.00%
MCMV-M45WT SG21 - - - - - - - - - - - - - 0.00%

MCMV-M45WT SG23 - - - - - - - - - - - - - 0.00%
Remarks Change Change Change Change Change Arg to Ala to Glu Glu Ile to Ser to Ala Thr to Pro Thr to Pro

ORF ORF ORF ORF ORF Cys Asp to Gly to STOP Phe

DELETION

INSERTION

NO MUTATION
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Collectively, these results indicated that SSIEFARL or SIINFEKL peptides in the ie2 or M45 gene of 

MCMV were frequently lost upon in vivo passaging, which might have explained the poor long-term 

survival of mice.  

3.4 Immune escape mutations of recombinant MCMVs enhance 

their virulence  

To validate if the escape mutations were the cause of virus spread and death or merely a coincidental 

occurrence, I isolated virus from salivary glands (SGV) of gBT-I TCR-transgenic mice at time of death, 

sequenced it to ascertain the presence of mutations, expanded them in tissue culture and infected 

detector gBT-I×RAG2-/- mice (see section 2.5.4 figure 2.8) to assess its virulence. If immune escape 

mutations due to T-cell driven selection pressure was critical for the increase in the virulence, SGV-

derived MCMVIE2SL (gBT-SGV-MCMVIE2SL) should have killed the detector mice as rapidly as the 

SGV-derived MCMVWT (gBT-SGV-MCMVWT), which matched my observations (Figure 3.17).  

 

Figure 3.17 Pathogenicity of recombinant MCMVs in TCR transgenic mice upon in vivo passaging.  

(A) Relative weight change in mice infected with the SGVs isolates gBT-SGV-MCMVWT (n=5), gBT-SGV-MCMVIE2SL 

(n=15) or HY-SGV-MCMVIE2SL (n=7), were compared against tissue culture derived recombinant MCMVIE2SL (n=7) 

uninfected controls. Daily averages in weight relative to the original weight (+/- SEM) are shown. (B) Survival rate upon 

infection with indicated viruses. 

To control if the increased virulence was a result of T-cell selection pressure on the virus, MCMVIE2SL 

virus was passaged in mice that were TCR transgenic for an irrelevant antigen (HY-TCR) (Kisielow et 

al.). Thus, I generated a salivary gland-passaged virus that maintains the SSIEFARL epitope (HY-SGV-

MCMVIE2SL) upon in vivo passage and in vitro expansion in tissue culture (see sections 2.4.6 and 2.5.4). 

Detector gBT mice infected with HY-SGV-MCMVIE2SL survived much longer than upon infection with 

gBT-SGV-MCMVWT and succumbed around 4 weeks post infection. Taken together, these data 

confirmed that immune escape mutations increased MCMV virulence.      
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Figure 3.20 In vivo growth fitness of MCMVIE2SL-M45SL in comparison to MCMVWT. 

BALB/c mice were intraperitoneally infected with 2x105 PFUs of indicated viruses. Virus titers in liver, lungs, spleen and 

salivary gland on 5 and 21 day post infection, were determined by plaque assay on MEFs cells. Each symbol indicates one 

mouse (n=5 per test condition). Horizontal lines and whiskers represent group mean titers with standard deviations. The dashed 

line represents the detection limit of the assay equivalent to a single detecable plaque and corresponding to 125 PFU/organ. 
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3.6 Long-term immune control of cytomegalovirus replication 

by targeting multiple epitopes  

To test if CD8 T cells targeting antigens that are expressed in multiple location within MCMV genome 

control the virus replication, gBT-I×Rag2-/-mice were infected with 2×105 PFU of MCMVIE2SL-M45SL. 

MCMVIE2SL, MCMVM45SL or MCMVWT were used as controls, to compare the long-term immune 

protection conferred through T-cell recognition of multiple antigens or of a single one (see section 2.5.2 

figure 2.7). Interestingly, I observed long-lasting immune protection only in mice infected with 

MCMVIE2SL-M45SL, whereas mutants that carried a single peptide killed the infected mice with a delay 

that reproduced the previous observations (Figure 3.21). 

 

Figure 3.21 CD8 T cells targeting multiple antigens in CMV confer better immune protection.  

gBT-I×RAG2-/- mice were infected with 2×105 PFU of MCMVIE2SL-M45SL (n=11), MCMVIE2SL (n=7), MCMVM45SL (n=7) or 

MCMVWT n=5 and relative weight loss (C) and survival rate (D) were monitored. Daily averages in weight relative to the 

original weight (+/- SEM) are shown. 

The long-lasting immune protection suggested better control of MCMVIE2SL-M45SL by antigen specific 

T-cells. To ascertain this hypothesis, a virus titration assay was performed, and its results confirmed 

that the replication of MCMVIE2SL-M45SL was efficiently controlled in the liver and lungs of gBT-I×Rag2-

/-mice at 5 months post infection (Figure 3.22), whereas virus titers were highly elevated in the same 

organs of MCMVIE2SL, MCMVM45SL or MCMVWT-infected mice at time of death. Interestingly, I 

observed high titers of all tested viruses in the salivary glands, including MCMVIE2SL-M45SL. Since gBT-

I×RAG2-/- mice lack CD4 T cells, this observation was consistent with previous evidence that CD8 T 

cells alone cannot control MCMV replication in this organ, because virus clearance depends on CD4 T 

cells (Cavanaugh et al., 2003; Jonjić et al., 1990). Interestingly, I observed a few immune escape 

mutations deleting the SSIEFARL peptide in both ie2 or M45 genes of this virus (Figure 3.23) and two 

mice where simultaneous epitope mutations occurred at both sites in the tested organs. Importantly, 
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these mice were the only two that succumbed to infection and showed elevated virus titers in lungs and 

liver, consistent with unrestrained viral proliferation due to immune escape.  

 

 

Figure 3.22 Titers of recombinant MCMVIE2SL-M45SL in organs of gBT-I TCR transgenic mice.  

Adult gBT-I×RAG2-/- mice were intraperitoneally infected with 2x105 PFUs of indicated viruses. Virus titers in liver, lungs, 

spleen and salivary gland were determined by organ titration at time of euthanasia for each animal. Each symbol indicates one 

mouse and the solid lines and whiskers represent group mean titers with standard deviations. The dashed line represents the 

detection limit of the assay at 125 PFU/organ. 
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Figure 3.23 Summary of epitope deleterious mutations of MCMVs replicating in the salivary glands. 

Each dotted circle represents mice that recombinant MCMV genomes were isolated in the salivary glands at the time of 

euthanasia. Mutations of SSIEFARL epitope was determined by NGS analyses. Cumulative frequency of alternate nucleotide 

reads within the sequenced ie2 or M45 genes for each virus is shown as a percentage. Mice infected with MCMVIE2SL-M45SL 

have the least scores of cumulative mutations compared to those infected with MCMVIE2SL and MCMVM45SL.  

 

It was somewhat surprising that the majority of genomes from MCMVM45SL infected mice appeared not 

to be mutated (Figure 3.23) in the SG analysis. However, MCMV is known to persist in the salivary 

glands of mice, because CD8 T cells alone cannot clear the virus from this organ without CD4 T cells 

help. Since CD4 T cells were missing from gBT-I×RAG2-/- mice, it is reasonable to assume that 

recombinant viruses were not under extreme selection pressure to mutate in this organ. Therefore, I 

sequenced MCMVIE2SL and MCMVM45SL isolated from the lungs of infected mice to make this 

comparison. Indeed, I observed substantially higher frequencies of immune escape mutations in viral 

DNA isolated from the lungs than from salivary glands (Figure 3.24).   
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Figure 3.24 Comparison of epitope-deleterious mutations of MCMVs replicating in the salivary glands and lungs. 

Each dotted circle represents a mouse in which mutations of SSIEFARL epitope were determined in recombinant MCMV 

genomes isolated in the lungs or salivary glands at the time of euthanasia. Mutations were determined as cumulative frequency 

of alternate nucleotide reads compared to the reference sequence (virus used for inoculation). Note that the mutation 

frequencies are higher in lungs samples than the salivary glands.  

Taken together, the presented data argue that simultaneous targeting of multiple viral antigens avoids 

the development of immune escape mutations and the optimal control of MCMV replication by CD8 T 

cells. 
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4. Discussion 

This study investigated immune escape of cytomegalovirus in the long-term control of CMV infection 

of the high at-risk patients and its implication in the design of immunotherapeutic solutions for treatment 

of CMV complications. The mouse model of CMV infection that was used in this study has been 

previously characterized and shown to provide a useful tool for deciphering in vivo the interaction of 

CMV with the immune system (Reddehase et al., 2008). The wild-type mouse, C57BL/6 is routinely 

used to model CMV disease in an immunocompetent host where primary infection is cleared without 

causing overt disease. On the other hand, mice lacking key components of the immune system are used 

to model certain clinical conditions. For, example, hematoablative gamma irradiation of wild-type 

mouse has been used to model a severely immunocompromised host. Furthermore, transgenic mice 

lacking genes encoding components defining immune response to certain pathogens are used to model 

certain clinical conditions (reviewed in (Holtappels et al., 2008a; Reddehase and Lemmermann, 2018)). 

Based on these insights, I used a transgenic mouse model of an immunocompromised MCMV host to 

investigate whether immune escape of cytomegalovirus can ensue following adoptive immunotherapy 

with CD8 T cells specific to viral.  

4.1 T-cells specific for a single CMV peptide confer temporary 

immune protection.  

The initial impetus of this study was to investigate the requirements for the deployment of CD8 T cells 

in immunotherapy of CMV disease in immunocompromised host. It was shown previously that CD8 T 

cells specific for an IE1 derived epitope of MCMV provided immune protection in a mouse model of 

preemptive adoptive immunotherapy of CMV disease (Bohm et al., 2008; Pahl-Seibert et al., 2005; 

Steffens et al., 1998). However, these studies tested the antiviral effect by identifying virus replication 

in organs a few days after transfer, and thus were restricted to the demonstration of short-term immune 

protection. To experimentally investigate the long-term control of MCMV following adoptive transfer 

of CD8 T cells targeting an immediate early epitope, RAG2γC-/- mice were adoptively transferred with 

OT-I cells and subsequently challenged with recombinant MCMV expressing the ovalbumin epitope 

SIINFEKL (MCMVIE2-SIINFEKL). The RAG2γC-/- mice lack B and T lymphocytes of the adaptive immune 

system as well as NK-cells. Therefore, the immune protection against MCMV disease was restricted to 

the adoptively transferred virus-specific T cells. While adoptive transfer of a defined number of naïve 

or antigen experienced OT-I cells into RAG2γC-/- mice protected mice from MCMV disease, the 

immune protection was temporary (Figure 3.1 & 3.2). Previously, it was shown that a single naïve or 

antigen experienced OT-I T cell has self-renewal capacity and is protective against lethal infection with 

Listeria monocytogenes expressing the SIINFEKL peptide following adoptive transfer (Graef et al., 

2014). This may mean that the immune protection in the current study was independent of the immune 

phenotype and clonal size of antigen specific T cells. Moreover, long-term protection did not depend 
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on T-cell supply of CMV specific T cells, because even the unlimited supply of endogenously generated 

monoclonal CD8 T cells could not improve immune protection against recombinant MCMVs 

expressing the cognate epitopes (Figure 3.3 & 3.4).  

Previously, it was shown that some CD8 T cell epitopes dominate others during acute and latent 

infection (Holtappels et al., 2008b; Holtappels et al., 2002). CMV epitopes that elicits inflationary CD8 

T cell response were proposed to be better targets for immunotherapy (Cicin-Sain, 2019). MCMV 

epitopes expressed in the context of an immediate early genes (ie2 or IE1/IE3) elicit inflationary 

immune response (Grzimek et al., 2001; Holtappels et al., 2000; Holtappels et al., 2002) unlike those 

expressed in the early gene (M45) (Munks et al., 2006). Recently, it has been shown that adoptive 

transfer of OT-I cells in RAG2 mice result in better control of virus replication when they target 

SIINFEKL epitope expressed in the context of ie2 gene of MCMV compared to m164, which is an early 

phase gene (Chaudhry et al., 2020)). Yet, the early phase epitopes can be inflationary if expressed in 

the C-terminus of early gene M45 (Dekhtiarenko et al., 2013). For example, the positioning of the M45 

epitope HIRGINASFI from its native position to the C-terminus of the gene resulted in an inflationary 

T cell response (Dekhtiarenko et al., 2016) and better T-cell control in vitro (Cicin-Sain, 2019). In this 

study, both MCMVIE2SL and MCMVM45SL elicited protective T-cell response but there was no significant 

difference in the length of immune protection between the two viruses. These data  match previous 

results that showed that MCMV mutants expressing SSIEFARL peptide in ie2 or M45 genes elicited 

protective immune response against HSV-1 challenge in mice (Dekhtiarenko et al., 2013). Therefore, 

the temporary immune protection elicited by both MCMVIE2SL and MCMVM45SL in this study was 

attributed to other causes.  

It is also important to note that virus load in mice tissues was controlled at early times post infection, 

but raised at the time when mice were showing signs of illness and had to be euthanized (Figure 3.5). 

Taken together, these data suggested inability of T cells specific for a single MCMV epitope to provide 

long-term virus control and immune protection in adoptive transfer settings. Adoptive T cell therapy 

aims at reconstituting CMV specific T cell immunity. Transferred CMV specific cells should proliferate 

and retain functionality in order to restrict virus reactivation. However, during persistent antigen 

stimulation of immune system, the host has intrinsic mechanisms of protecting itself from pathogen-

induced self-destruction through T exhaustion, anergy or activation induced cell death (Cicin-Sain and 

Arens, 2018; Kahan et al., 2015). T-cell exhaustion is one of the features of dysfunctional T cells and 

is associated with chronic virus replication (Cicin-Sain and Arens, 2018; Moskophidis et al., 1993). 

Previous studies showed that the frequency of donor derived T-cell clones declined over time after 

adoptive transfer in allogeneic hematopoietic stem cell transfer (HSCT) recipients (Riddell et al., 1992; 

Walter et al., 1995). Possible explanations for the low in vivo maintenance of these cells were proposed 

as lack of concomitant CD4 T-helper cells (Mui et al., 2010) or induction of T-cell senescence during 

in vitro expansion phase (Gattinoni et al., 2005; Tan et al., 1999). Since both gBT-I×RAG2-/- and 
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RAG2γC-/- mice lack CD4 subset of the T lymphocytes, I addressed whether the failed replication 

control of the recombinant MCMVs by corresponding T cells could be explained by T-cell exhaustion. 

Thus, the phenotype of epitope specific T cells in the peripheral blood was evaluated in the course of 

infection with recombinant MCMVs. The finding that SSIEFARL specific T cells in the peripheral 

blood had modest expression of PD-1 may suggest T-cell exhaustion. However, in their natural host, 

cytomegaloviruses do not induce T-cell exhaustion (reviewed in (Cicin-Sain and Arens, 2018)). This is 

because, in lymphoreplete CMV hosts, a dynamic equilibrium exists between virus and the host immune 

response to ensure limited virus proliferation that is kept in check by virus specific T cells over the 

lifetime of the host (Karrer et al., 2003; Snyder et al., 2008). The inflationary T-cell pool characteristic 

of chronic cytomegalovirus infection does not get exhausted but rather is replenished through 

intermittent antigen presentation to CD8 T cells by latently infected cells of non-lymphoid origin that 

stochastically express immediate early genes in abortive reactivation episodes (Snyder et al., 2008). 

Therefore, the modest accrual of exhausted CD8+ T cells (KLRG1+/- PD1+) (Figure 3.7) suggested a 

tip in the balance in favor of virus proliferation that interfered with T-cell recognition of infected cells. 

These results, however, do not define if this change in phenotype resulted in a loss of immune protection 

or in maintained functionality of the T-cell population. Since most of the antigen specific T cells 

remained PD-1 low, the exhausted phenotype may be explained as a consequence of persistent 

stimulation of T cells due to failed control of virus replication. Alternatively, selection pressure against 

the single CD8 T cells epitope expressed by recombinant MCMVs would induce mutations resulting in 

loss of epitope in some of the viral genomes. This scenario mirrors immune escape in chronic viral 

infections like LCMV or other RNA virus infections (Moskophidis and Kioussis, 1998; Moskophidis 

et al., 1993). Therefore, immune escape was explored as the main cause for the loss of immune 

protection against the single epitope recombinant MCMVs infecting gBT-I×RAG2-/- and RAG2γC-/- 

mice. 

4.2 Selection pressure induced immune escape mutations of 

recombinant MCMVs  

Although CMV, a DNA virus is thought to have relatively stable genome, there is some extent of 

heterogeneity in viral genomes in nature. High throughput sequencing of HCMV clinical samples has 

revealed considerable genetic variation in the virus genome that could be explained by multiple strain-

infections and within-host recombination of genetically distant strains (Cudini et al., 2019; Dobbins et 

al., 2019; Smith et al., 2016; Suárez et al., 2019). The cause of HCMV heterogeneity and its implication 

in disease control is not well understood. In particular, little is known about the potential of CMV to 

mutate its genome in order to avoid detection by the adaptive immune system. Mutations are associated 

with rapidly evolving organisms like RNA viruses and often confer survival advantage in the phase of 

immune control. While T cells have the ability to recognize a wide variety of antigens due to their 

diverse TCR repertoire, CMV encodes several immune evasion proteins that help avoid recognition 
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through interference with expression of MHC molecules and their peptides (Jackson et al., 2017; Powers 

et al., 2008). However, in this study the TCR repertoire was strictly confined to a single epitope 

specificity, implying that changes in the target peptide sequence would be a major advantage for the 

virus. Epitope deleterious mutations were consistently observed in numerous tissues and all tested 

viruses. These mutations are consistent with immune escape of MCMV from T-cell recognition, since 

they were observed in the majority of mice infected with the recombinant MCMVs and in tissues where 

CD8 T cells play a role in controlling the virus (Figure 3.14 & Tables 3.1-3). These results may suggest 

that DNA viruses can acquire mutations in conditions of enhanced selection pressure, resulting in a 

mismatch of TCRs and viral epitopes and consequently virus escape from detection by CD8 T cells.  

These results validates that the transient immune protection was epitope specific as demonstrated by in 

vivo viral growth kinetic (Figure 3.5 & 3.6) and are in agreement with those from Bohm and colleagues 

which showed that the function of an immunodominant IE1 epitope could be deleted by replacing its 

key-anchoring residue Leucine with Alanine, thereby interfering with T-cells recognition of cells 

infected with the mutant MCMV-IE1-L176A (Bohm et al., 2008). Therefore, the observed mutations 

of SSIEFARL and SIINFEKL epitopes interfered with the CD8 T cells recognition of virus-infected 

cells and abrogated T-cell control.  

I observed that virus isolated from different organs carried identical mutations (Figure 3.10, 3.11, 3.12 

& 3.13). This may suggest spread of such mutant viruses from an organ where T cells failed to limit 

replication to other organs. The salivary glands were proposed as an immune-privileged site for MCMV 

persistence (Jonjić et al., 1989) and this is demonstrated by highest amount of virus titers in this organ 

(Figure 3.5 & 3.6). The gBT-I TCR-transgenic mice lack CD4 T cells whose IFN-γ secretion is required 

by CD8 T cells for efficient control of virus replication (Lucin et al., 1992). It is therefore likely that 

the recombinant viruses persistently proliferated in the salivary glands and spread from there to other 

organs. These data suggest that co-transfer of CMV-specific CD4 and CD8 T cells would substantially 

improve the therapeutic outcome. Such an assumption would be in line with observations that CD8 T 

cell transfers efficiently controlled HCMV replication in transplant recipients that mounted a CMV-

specific CD4 T cells response (Walter et al., 1995). Furthermore, CD8 T cells fail to recognize virus 

infected acinar glandular epithelial cells in the salivary glands due to immune evasion of class I MHC 

molecules (Lucin et al., 1992; Walton et al., 2011). Therefore, it is likely that the recombinant MCMVs 

persisting in the salivary glands were not under selection pressure as those replicating in the other 

visceral organs analyzed in this study. Thus, only the recombinant MCMVs that spread out of the 

salivary glands were under intense selection pressure and thus incurred more immune escape mutations. 

This hypothesis is supported by data showing that the frequency of viral genomes with epitope 

deleterious mutations was higher in the lungs than in the salivary glands of the tested mice (Figure 

3.24). 
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The ie2 gene is dispensable for MCMV in vivo growth (Cardin et al., 1995). On the other hand, the M45 

gene is essential for in vivo virus growth since it prevents necroptosis of infected cells in order to 

promote virus proliferation (Brune and Andoniou, 2017; Brune et al., 2001; Fliss and Brune, 2012; 

Lembo et al., 2004; Mocarski et al., 2015). This may explain the high frequency of mutations outside 

of the peptide sequence, which were observed in ie2 gene amplicons, whereas mutations in the M45 

gene amplicons were very focused on the sequence of the peptide (Table 3.4 and 3.5). Moreover, frame 

shift mutations upstream of the peptide sequence were the most common mutations in recombinant 

MCMVs expressing the immune peptide in ie2 gene, while mutations in the M45 gene were restricted 

to SNPs in the epitope sequences. This observation is likely due to the fact that large deletions or 

insertions would be detrimental for virus in vivo growth fitness. Thus, the lower frequency of mutations 

in the M45 gene PCR amplicons suggest a restriction of the virus mutations in M45 due to the critical 

requirement for the expression of this essential viral gene.  

The idea that escape mutations interfered with T-cell recognition of infected cells and improved viral 

in vivo fitness was validated by the observation that mutant MCMVIE2SL passaged in gBT-I TCR-

transgenic mice, but not in mice that were TCR transgenic for an irrelevant antigen, became more 

virulent (Figure 3.17). These results formally proved that immune escape mutations of recombinant 

viruses were responsible for the failed recognition of infected cells by cognate T cells and for the 

delayed mortality, but also showed that selection pressure by cognate T-cells induced the emergence of 

MCMV escape mutants lacking the target epitope.  

4.3 Targeting multiple CMV antigens provides long-term 

immune control of virus replication  

Whereas ACT of single epitope specific CD8 T cells were protective they prompted viral immune 

escape that limited the feasibility of using a single target T cells in CMV immunotherapy. Importantly, 

my data demonstrate that CMV can mutate under selection pressure from T cells as an immune escape 

strategy. As a remedy to immune escape, CD8 T cells targeting multiple viral antigens conferred better 

replicative control of a recombinant MCMV expressing the T-cell epitope simultaneously in two 

distinct locations (MCMVIE2SL-M45SL) (Figure 3.18) and resulted in long-term immune protection since 

most of the gBT-I×Rag2-/- mice infected with the recombinant MCMVIE2SL-M45SL survived the infection, 

unlike those infected with MCMV expressing only one epitope in their genome (Figure 3.21). 

Essentially, these results suggested the constraints of the virus in mutating two antigenic epitopes 

simultaneously in order to escape T-cell recognition. This scenario was confirmed by NGS sequencing 

of MCMVIE2SL-M45SL from salivary glands, where the SSIEFARL sequence was maintained in most of 

the viral genomes tested (Figure 3.23). From a clinical perspective these results indicate that T-cells 

targeting two distinct antigenic sites within the virus may provide significantly better relief, through 

efficient control of virus replication and by deterring the emergence of mutants that lose multiple target 
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epitopes. These data concur with previous studies that demonstrated how immunotherapy with 

combined-antibody therapy targeting multiple HIV or Zika virus antigens resulted in broad viral 

neutralization and better control of virus replication without emergence of escape mutants (Keeffe et 

al., 2018; Mendoza et al., 2018). This approach mirrors the principles of pharmacological polytherapy 

of infections, to preempt selective pressures that prompt viruses to develop escape mutations (Hogg et 

al., 1998). Therefore, the data from this study not only identify immune escape of cytomegalovirus as 

a potential clinical problem in ACT settings, but also demonstrate in a proof-of-principle setting, that 

ACT polytherapy provides a solution to existing limitations. Most importantly, this study establishes 

the basis for future translational medicine efforts to improve the management of infections by ACT in 

the immunocompromised host. 

4.4 Study limitation 

The data presented in this thesis demonstrate that cytomegalovirus can mutate in order to avoid 

recognition by T cells. However, this phenomenon was only shown in the context of adoptive T-cell 

immunotherapy which is a unique situation that is unlikely to be observed in natural CMV infection. 

Natural infection with CMV elicits potent antiviral T-cell response that resolves productive infection in 

many organs except the salivary glands where the virus persists (Jonjić et al., 1989). Cytomegalovirus 

establishes latency in many cells and organs, where the virus periodically reactivates and initiate 

productive infection, or sporadically express certain genes that have been linked with sustained 

activated CD8 T-cell response (Kurz et al., 1999), a phenomenon referred to as memory inflation 

(Karrer et al., 2003). Therefore, if viral antigens were to mutate in natural CMV infection, then the 

antigen would be lost and T-cells would enter a contractionary phase because there would be no more 

antigens to recognize. However, in this study CD8 T-cell response was focused towards a single epitope 

(MCMVIE2SIINFEKL, MCMVIE2SL and MCMVM45SL), implying that the viruses had a tremendous 

advantage to lose the target antigens. Therefore, in a scenario where there are numerous CD8 T-cell 

responses like in natural CMV infection, the loss of a single antigen does not rescue the virus growth 

and any emerging mutants do not have a substantial growth advantage and they are not naturally 

selected. Nevertheless, in order to validate that cytomegalovirus immune escape of T-cell recognition 

is exclusively limited to conditions where the virus can afford to compromise antigenicity for growth 

fitness, one could adoptively transfer T cells targeting endogenous epitopes like maxi-M38 T-cells 

(Torti et al., 2011) into C57BL/6 mice, and anticipate to observe clearance of MCMV infection without 

selection of escape mutants. 
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5. Conclusion  

This study sought to identify the minimal requirement for adoptive immunotherapy of cytomegalovirus 

disease using virus specific CD8 T cells. T-cells targeting epitopes expressed in the immediate early or 

early phases of MCMV replication provided temporary immune protection that was independent of the 

phenotype, clonal size or T-cell supply. Immune escape of T-cell recognition by MCMV through 

mutation of cognate epitope when expressed in a single genome location was identified as the cause of 

poor long-term control of virus replication but targeting multiple viral antigens provided better control 

of virus replication and long-term immune control of CMV disease. These data argue that adoptive T-

cell immunotherapy of CMV disease requires targeting multiple CMV epitopes to minimize the risk of 

virus-immune escape.  
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